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 Abstract  
Alzheimer’s disease (AD) results in a diffuse, but characteristic impairment of 
cognitive function, with early involvement of verbal episodic memory. A 
prodromal phase of amnestic mild cognitive impairment (MCI) consists of 
patients with a mild, isolated impairment of episodic memory. In this thesis, I 
have described experiments performed on these patients and healthy 
volunteers using functional magnetic resonance imaging (fMRI). I aimed to 
investigate changes in neural activity associated with the breakdown in verbal 
episodic memory.  
 
Initially, I established the feasibility of using fMRI to investigate spoken 
responses in a study of speech production in healthy volunteers. This was 
important for investigating spoken retrieval of episodic memory. I also 
demonstrated integration of perceptual feedback and motor feedforward 
responses during propositional speech production within the medial planum 
temporale, associated with suppression of activity in secondary somatosensory 
cortex within the parietal operculum.  
 
In the verbal memory study, I demonstrated that successful encoding of heard 
sentences was associated with greater activity in cortical regions associated 
with semantic processing, but lower activity within early auditory cortex; 
implying a “top-down” effect on early perceptual cortex, related to sustained 
auditory attention. Patients with AD did not show this top-down effect. In 
addition, less activity was observed during encoding in AD patients, compared 
to MCI patients or controls, in regions associated with motivation. In the medial 
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temporal lobes, there was less activity in AD compared to controls, but higher 
activity in MCI, consistent with previous reports. During retrieval, there was 
less activity in frontal executive control systems in AD compared to controls. 
This was seen in both performance-matched comparisons and in the neural 
response to a reduction in retrieval performance. MCI patients showed early 
changes in parietal lobe retrieval performance-related activity. 
 
Overall, the reduced verbal encoding performance in AD was related to 
impairments in the function of both MTL memory-related systems and 
sustained auditory attention, and was associated with reduced motivation. 
During free recall, lower performance in AD was associated with impairment of 
frontal cognitive control. Therefore, I have shown that verbal episodic memory 
impairment in AD is the consequence of altered activity in multiple cognitive 
networks, in addition to the well-recognised impairments in the MTL-memory 
network. These results have implications for future therapeutic interventions to 
improve memory function in this patient group, highlighting the potential use of 
drugs that enhance attention, motivation and frontal executive function.  
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1. Introduction 
 
1.1 Alzheimer’s Disease - overview of the clinical problem   
 
1.1.1 Epidemiology  
Alzheimer’s disease (AD) is characterised by a progressive impairment of 
cognitive function, particularly of episodic memory. Dementia affects around 24 
million people worldwide, of which Alzheimer’s disease accounts for the 
majority of cases (Ferri et al., 2005). Dementia usually occurs in older age, and 
the prevalence doubles every 5 years for people who are aged 65 years to 85 
years (W.H.O., 2008). With an ageing population and in the absence of 
disease-modifying treatment for AD, the burden of dementia is ever growing. 
Most cases of AD are sporadic, but familial cases of AD account for 1% of all 
cases (Hodges, 2006). 
 
1.1.2 Clinical presentation 
The initial presentation is most often with symptoms indicating an impairment 
of episodic memory. Often termed autobiographical memory, each episodic 
memory is linked to a particular time and location (such as encoding and 
subsequently recalling where and when you had last seen your brother). A 
common complaint, often coming from family members, is that the patient 
cannot remember verbal information that he or she has been told: for example, 
the time of an appointment at the dentist or the doctor’s surgery, or when there 
is going to be a family gathering and the reason for the occasion. The other 
form of long-term memory that can be consciously accessed is so-called 
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semantic memory. Semantic memories comprise items of culturally shared 
knowledge (such as understanding the concept of ‘birthday’ without relating it 
to a particular instance of someone’s birthday). These memories, unrelated to 
a specific time or place, are also often impaired in Alzheimer’s disease, but 
usually at a later stage of the disease (Hodges, 2006). This dissociation 
between the onset and degree of episodic and semantic memory impairments 
probably relates to differences in the rate of disease progression in specific 
temporal lobe structures, with the medial temporal lobes affected early in 
Alzheimer’s disease (Braak and Braak, 1997). Although the impairment can 
affect both verbal and visual memories (such as recalling a phone message, 
compared to remembering where one has left one’s car), the human reliance 
on verbal communication means that relatives most often give examples of 
verbal episodic memory impairment; and the clinical studies described in this 
thesis were designed to investigate verbal message encoding and retrieval. 
However, as we are better able accurately to encode and repeat back items of 
verbal information that convey a clear meaning when first heard - so that it is 
easier accurately to recall sentences than lists of unconnected words – it was 
evident at the outset that my studies of sentence encoding and retrieval would 
also depend on the integrity of the semantic memory system. The semantic 
impairment that is so evident in patients with the temporal variant of fronto-
temporal dementia is associated with atrophy and hypometabolism in anterior 
and ventral temporal cortex, rather than the early medial temporal lobe 
involvement in AD (Chan et al., 2001; Williams et al., 2005).    
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As Alzheimer’s disease becomes a global cerebral disease, there are many 
other associated clinical features. Individual variability in disease distribution 
can result in heterogeneous clinical presentations, a few being sufficiently 
common to earn the status of a specific clinical syndrome (such as the 
posterior cortical variant of Alzheimer’s disease (Benson et al., 1988), in which 
parietal cortical dysfunction dominates the clinical picture, at least for a time). 
 
 
1.2 Pathogenesis of AD 
 
In 1907, Alois Alzheimer described two important pathological features of this 
condition (Alzheimer et al., 1995; Maurer et al., 1997): proteinaceous plaques, 
now known as amyloid deposits (LaFerla et al., 2007) and neurofibrillary 
tangles (NFT), now known to be intraneuronal aggregations of 
hyperphosphorylated tau protein (Ballatore et al., 2007). These two features 
are pathognomonic of the disease, visible on histological samples of post 
mortem brains of patients with AD. In addition to these two findings, the 
disease is associated with an inflammatory response and oxidative stress. The 
result is neuronal and synaptic loss and dysfunction, with resulting focal brain 
atrophy and cognitive functional impairment.  
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Figure 1.1: Typical pathological changes associated with AD.  
A: Inclusions of intraneuronal neurofibrillary tangles  
B: Extraneuronal amyloid plaques  
(Adapted from medical illustrations at http:// www.clevelandclinicmeded.com) 
 
 
1.2.1 Amyloid Formation 
In the 1980s, it was discovered that amyloid plaques consist of aggregations of 
amyloid-β (Aβ) (Glenner and Wong, 1984). This is produced by 
endoproteolysis of the amyloid precursor protein (APP) by a group of enzymic 
complexes known as α-, β- and γ-secretase. The γ-secretase complex contains 
presenilin 1 or 2 (PS1 and PS2). There are two pathways involved. The non-
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amyloidogenic pathway is the consequence of endoproteolysis of the APP by 
α-secretase within the Aβ region, hence preventing the formation of Aβ. The 
amyloidogenic pathway occurs by the initial action of β-secretase on APP, 
resulting in the release of sAPPβ (soluble APPβ) to the extracellular space, 
where it is cleaved by γ-secretase to release Aβ. Two forms are released, a 40 
residue peptide (Aβ40), which forms cerebral plaques and a smaller proportion 
of 42 residue peptide (Aβ42), which is more hydrophobic and prone to fibril 
formation (LaFerla et al., 2007).  
 
Mutations of the genes that code for APP, PS1 and PS2 have been associated 
with the familial autosomal dominant variant of AD, which is associated with an 
early onset of disease. Down’s syndrome patients have triplication of 
chromosome 21, on which the APP is present, resulting in Aβ deposition and 
dementia in early life (Gyure et al., 2001). 
 
Intraneuronal Aβ is present from childhood, consisting of mostly Aβ42, located 
within multivesicular bodies (MVBs), which are endosomes. It has been shown 
that intraneuronal accumulation of Aβ within MVBs leads to disrupted MVB 
sorting via inhibition of the ubiquitin-proteosome system (a system necessary 
for the degradation of damaged or superfluous protein) (Almeida et al., 2006). 
This has been shown to lead to the build up of tau and Aβ proteins. AD mouse 
models suggest that the intraneuronal Aβ accumulation occurs when cognitive 
decline is first detected, when amyloid plaque formation has occurred, with 
little or no tau accumulation. Intraneuronal Aβ can exist in many states. In the 
monomeric state it is not neurotoxic. Oligomeric and protofibrilic states are 
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associated with disruption of long term potentiation (LTP), a form of synaptic 
plasticity thought to underlie memory formation, and may facilitate the 
hyperphosphorylation of tau (Ballatore et al., 2007).  
 
1.2.2 Neurofibrillary tangles 
Neurofibrillary tangles (NFT) are proteinaceous neuronal inclusions that lead to 
neuronal damage and death, occurring in a number of neurodegenerative 
conditions including AD. The main function in the neuronal environment of the 
protein involved, tau, is to stabilise microtubules. In the pathological state, 
there is hyperphosphorylation of tau, which may occur for a variety of reasons, 
disrupting the binding of tau to microtubules (MT). Direct causes of 
hyperphosphorylation may be upregulation of tau kinases and downregulation 
of phosphatases, whereas indirect contributions may come from Aβ-mediated 
toxicity, inflammation or oxidative stress (Ballatore et al., 2007). The increase 
in unbound tau, results in aggregation to form NFTs in neurones and glial 
tangles in astrocytes and oligodendrocytes. The disruption of MT binding 
results in abnormal MT function, which affects the integrity of the cell 
membrane and cytoskeleton. NFTs interfere with axonal transport, leading to 
neurotoxicity. The total NFT load correlates with the degree of cognitive 
impairment, implying that tau has a major role in the pathogenesis of AD 
(Ballatore et al., 2007).  
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1.2.3 Neuropathological staging  
Early neuropathological studies of post-mortem AD brains performed by Braak 
and Braak, led to the definition of a neuropathological staging score of AD 
(Braak and Braak, 1991). The score was based on the characteristic pattern of 
neurofibrillary tangle involvement associated with different stages of disease 
progression. Six stages were defined. The earliest stages (transentorhinal 
stages 1 and 2) corresponded to an early, clinically silent stage with the 
earliest involvement confined to the transentorhinal region. The intermediate 
stages (limbic stages 3 and 4), corresponded to the clinical diagnosis of mild 
AD, with NFT involvement from the entorhinal cortex to the hippocampus 
(CA1) and mild involvement of the subiculum. The final stages (neocortical 
stages 5 and 6), corresponded to the clinical diagnosis of moderate-to-severe 
AD, and was associated with involvement of almost all regions of the 
hippocampus and also of neocortical regions. This characteristic progression 
of cortical and subcortical involvement correlates well with clinical data 
(Hyman, 1998).  
 
By contrast, the deposition of amyloid protein was found to be variable in the 
early stages of the disease and did not correlate with the clinical severity of 
AD. Given this degree of variability, Braak and Braak identified 3 broad stages 
of amyloid deposition. Stage A involved low-density deposits of the basal 
portions of the frontal, temporal and occipital lobes. Stage B involved medium 
density deposits in almost all isocortical association areas, but largely sparing   
the primary motor and sensory regions. Stage C involved extension of the 
deposition to the primary motor and sensory regions.  
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Therefore, once the disease is established, there is a characteristic pattern of 
amyloid deposition (Figure 1.2), involving the medial and lateral posterior 
parietal cortex, extending into precuneus, posterior cingulate and retrosplenial 
cortex. In addition, amyloid is located in the frontal cortex along the midline 
(Buckner et al., 2005). The presence of amyloid can be detected using positron 
emission tomography (PET) imaging with [11C] PIB (Pittsburgh compound B), 
which is a marker of cortical fibrillar amyloid-β load. At present, this is mainly 
used as a research tool, but the technique has great potential for clinical use, 
providing additional evidence for the diagnosis of AD. 
 
 
Figure 1.2: Amyloid deposition in non-demented older adults and AD 
patients as measured by [11C] PIB.  
 
There is minimal [11C] PIB binding in non-demented older adults. The pattern in 
the demented patient (AD) is characteristic of AD amyloid deposition. (adapted 
from Buckner et al., 2005) 
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1.2.4 Atrophy 
The neuronal damage that occurs in AD leads to progressive atrophy of 
specific regions of the brain. Early in the disease, it has been found that medial 
temporal lobe atrophy occurs (Figure 1.3), especially of the hippocampus and 
entorhinal cortex (Scheltens et al., 2002). The presence of atrophy is not 
necessarily diagnostic. Rather, it is the progression of atrophy on longitudinal 
scanning, together with symptomatic decline that provides the weight of 
evidence. In addition to the medial temporal lobes, as the disease progresses, 
the distribution of atrophy involves parietal regions, especially the precuneus, 
posterior cingulate cortex and the retrosplenial cortex. Eventually, the frontal 
lobes are affected. The pattern of atrophy at onset may vary, and is often 
reflected in the symptomatology. For instance, patients presenting with mainly 
parietal symptoms will often show atrophy of the parietal cortex before 
involvement of the medial temporal lobes, as in the posterior cortical variant of 
AD.  
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Figure 1.3: Atrophic changes in the medial temporal lobes (MTL) in AD.  
 
Structural MRI of the MTL of a healthy 24 year-old volunteer (left) and a 72 
year-old patient with AD (right). MTL subregions are numbered: CA3/dentate 
gyrus (1), CA1 (2), subiculum (3), entorhinal cortex (4), perirhinal cortex (5) 
and amygdala (6). Note the marked MTL atrophy associated with AD. M = 
medial. (adapted from Dickerson and Eichenbaum, 2010). 
 
 
1.3 Diagnosis 
The diagnosis of AD is based on the clinical history and the pattern of cognitive 
impairment that is detected from a standard neuropsychometric assessment, 
such as the Addenbrooke’s Cognitive Examination (Mathuranath et al., 2000). 
In addition, brain MRI scans often show a characteristic pattern of atrophy of 
the medial temporal and parietal lobes, as has been discussed. MRI is also 
useful in determining whether there is evidence of a major burden of 
microvascular disease, which would raise the possibility of vascular cognitive 
impairment (VCI). In practice, a proportion of patients who come to post-
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mortem have pathological changes consistent with mixed AD/VCI (Schneider 
and Bennett, 2010). A full profile of blood tests is required to exclude other 
causes of cognitive decline, such as metabolic abnormalities. Other tests used 
to aid the diagnosis include electroencephalography and cerebrospinal fluid 
examination (Hodges, 2006).  More recently, CSF analysis has become more 
widely used to aid the diagnosis, looking specifically for the core biomarkers of 
beta-amyloid and tau proteins. Studies have shown that there is a marked 
reduction in CSF Aβ1-42 and a marked increase in levels of both p- and t-tau in 
patients with AD (Blennow and Hampel, 2003). High CSF p-tau is only found in 
AD, whereas high CSF t-tau is found in disorders of acute brain injury, such as 
stroke, trauma, encephalitis, and Creutzfeldt-Jacob disease.  
 
 
1.4 Cholinergic Hypothesis in AD  
The cholinergic hypothesis was proposed over 20 years ago. It is now 
accepted that AD is associated with a loss of cholinergic neurones in the basal 
forebrain (Lane et al., 2004). This is associated with reduced acetylcholine 
(ACh), choline acetylcholinesterase and acetylcholinesterase (AChE). The 
reduction in cholinergic transmission is correlated with cognitive decline. The 
aim of current cholinergic amplification techniques has been to maximise the 
available ACh by inhibiting its breakdown by synaptic cholinesterase.  
 
There are two enzymes involved in the breakdown of ACh: 
acetylcholinesterase and butyrylcholinesterase (BuChE). It is these two 
enzymes that are targeted in the therapeutic management of AD, by inhibiting 
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one or both with cholinesterase inhibitor drugs (ChI) in order to increase the 
endogenous availability of ACh. This has benefits over direct receptor agonist 
therapy, as the increase in ACh is delivered when it is required, increasing the 
cognitive benefits and reducing side effects. One of the main ChI drugs used in 
AD is donepezil, which along with galantamine, are selective for AChE. Drugs, 
such as rivastigmine, block both AChE and BuChE. The National Institute for 
Health and Clinical Excellence (NICE) has recently updated its guidelines for 
the use of ChI drugs in AD. The guidelines now suggest that donepezil, 
galantamine and rivastigmine should be considered for use in patients with 
mild-to-moderate AD (NICE, 2010).  
 
A meta-analysis of studies of the efficacy of ChI drugs, highlighted a modest 
benefit of treatment in patients with mild-to-moderate AD in terms of cognitive 
function, behaviour and activities of daily living (Birks, 2006). They showed no 
difference in efficacy between the three drugs (donepezil, rivastigmine and 
galantamine), but suggested that donepezil may have a better side effect 
profile.  
 
1.5 Further possible therapeutic interventions  
There are currently no licensed disease-modifying therapies for Alzheimer’s 
disease. The main licensed therapeutic interventions currently available are 
symptom-modifying ChI drugs, as previously discussed (Rogers and Friedhoff, 
1996). The clinical benefit of ChI therapy is assessed by tracking changes in 
the scores of cognitive tests, as well as input from the patient and their carer, 
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regarding their perceptions of the effect that the drug has had on their daily 
lives (NICE, 2007).  
 
A second class of drug used in AD is memantine, which acts on the 
glutametergic system by blocking NMDA receptors. NMDA glutamate 
receptors densely populate the pyramidal cells of the hippocampus, in regions 
involved in learning and memory. Elevated levels of glutamate are associated 
with excitotoxicity and apoptosis. The activation of glutamate receptors is 
known to induce glutamate release. In addition, amyloid plaques have been 
associated with the accumulation of glutamate and with increased neuronal 
vulnerability to excitotoxicity (Thomas and Grossberg, 2009). Studies have 
shown an improvement in global and functional measures with memantine 
(such as the global deterioration scale), but with conflicting results on 
behavioural improvement (Winblad and Poritis, 1999). Memantine can be used 
in combination with ChI drugs and the combination has been shown to be 
beneficial in terms of cognitive and behavioural outcomes in patients with 
moderate-to-severe AD, compared to ChI alone (Tariot et al., 2004). Therefore, 
memantine is used in patients with moderate-to-severe AD with the aim of 
slowing cognitive deterioration. 
 
More recent focus has turned to potential amyloid clearance techniques. Early 
studies showed that anti-Aβ monoclonal antibodies dissolve Aβ aggregates 
and prevent Aβ monomers from aggregating in vitro (Solomon et al., 1996). 
Further, in vivo studies in animals demonstrated that active immunization with 
pre-aggregated, synthetic Aβ1-42, with subsequent anti-Aβ antibody production, 
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resulted in a reduction in the number of pre-established amyloid plaques and a 
reduction in plaque deposition (Schenk et al., 1999). In addition, these findings 
have been extended to show a reduction in the behavioural disturbances in AD 
mouse models treated early with active immunisation (Janus et al., 2000). 
Animal studies of passive immunization with anti-Aβ monoclonal antibodies 
have also shown a reduction in amyloid plaque load, reduced neuritic 
dystrophy and a reduction in behavioural deficits (Bard et al., 2000; Kotilinek et 
al., 2002). 
 
Clinical trials of active Aβ immunisation were stopped after ~6% of patients 
who received the active drug developed an aseptic meningoencephalitis and 
leukoencephaolopathy (Orgogozo et al., 2003). The immunotherapy was 
associated in no significant effects on cognitive performance measured by 
several neuropsychological tests as a whole in the antibody-responder group. 
However, some specific tests of memory function showed a slower rate of 
deterioration compared to the placebo group (Gilman et al., 2005). There are 
currently many ongoing clinical trials of passive immunotherapy.  
 
 
1.6 Mild Cognitive Impairment 
 
Patients who present with mild symptoms, usually with an isolated episodic 
memory impairment, who do not fit the criteria for a diagnosis of dementia are 
considered to have mild cognitive impairment (MCI). This group of patients is 
of great interest, as a proportion will progress to Alzheimer’s disease. Much 
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recent research has been focused on the possible predictors of progression 
from MCI to AD. The diagnostic criteria for MCI were introduced in 1999 and 
have been subsequently expanded (Petersen, 2004). These non-demented 
patients present with an isolated memory complaint, which is preferably 
corroborated by an informant, and is documented with formal 
neuropsychometric testing. Other non-memory cognitive domains and activities 
of daily living should be preserved. The prevalence of MCI in the population 
aged 70 years to 89 years has been estimated at 15%, based on results of a 
prospective epidemiological study (Roberts et al., 2008). The progression rate 
to AD in a population of MCI patients from referral centres, such as specialist 
clinics has been estimated at 10-15% per year (Farias et al., 2009).  
 
Predictors of progression from MCI to AD include those who are more severely 
impaired at presentation (Visser et al., 1999), carriers of apolipoprotein ε4 
(Aggarwal et al., 2005) and presence of MTL atrophy (Fox et al., 1999). In 
addition, functional imaging with fludeoxyglucose F 18-positron emission 
tomography (FDG-PET) has demonstrated hypometabolism in the 
temporoparietal regions in MCI, which predicts progression to clinical AD 
(Jagust et al., 2009). Cerebrospinal fluid (CSF) biomarkers have been 
receiving much interest, with the finding that MCI patients with the CSF profile 
of AD (low Aβ1-42 and elevated total tau or phosphorylated tau, or the ratio of 
Aβ1-42 to tau) is predictive of progression to AD (Hansson et al., 2006; 
Mattsson et al., 2009). Recent results of amyloid PET imaging with the ligand, 
Pittsburgh Compound-B (PiB) also look promising in the detection of early MCI 
patients who may benefit from amyloid clearance therapies (Wolk et al., 2009). 
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In practice, a combination of these factors will be necessary to strengthen the 
prediction of progression to AD.  
 
Post-mortem studies have shown that 60% of patients with MCI had 
neuropathological evidence of AD, but that vascular disease also accounts for 
a significant degree of damage (Bennett et al., 2005). An important factor has 
been shown to be the density of neurofibrillary tangle deposition in accounting 
for the symptoms of MCI (Guillozet et al., 2003). 
 
There are no approved drugs for use in MCI at present. Most trials of ChI 
drugs have not provided positive results (Feldman et al., 2007; Winblad et al., 
2008; Doody et al., 2009); although this may be in part due to problems with 
selection criteria leading to a low conversion rate and therefore a lack of 
statistical power. One clinical trial suggested therapeutic benefit of donepezil 
for the first 12 months in all patients with MCI, and up to 24 months in 
apolipoprotein E ε4 carriers (Petersen et al., 2005). 
 
1.7 Cognitive Disturbance in AD 
 
1.7.1 Episodic Memory 
The first recorded case of AD was in a patient named Auguste D, who 
presented with a cluster of symptoms including memory impairment, aphasia, 
erratic behaviour, paranoia and auditory hallucinations (Alzheimer et al., 1995). 
Of these symptoms, the earliest and most common is an impairment of 
anterograde episodic memory. Episodic memories are remembered events 
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that are usually associated with a time and place, such as remembering a 
conversation the individual subject had the previous day with a particular 
person in a particular place. Tests of recollection of new information after a 
delay period are a sensitive marker of early disease (Welsh et al., 1992; 
Locascio et al., 1995). Patients also have difficulty in forming new cross-modal 
associations, making paired-association tasks sensitive to early AD (Swainson 
et al., 2001; Blackwell et al., 2004). By contrast, impairments of working 
memory, which is the ability to actively hold items of information in the mind 
necessary to perform tasks such as reasoning, comprehension and learning, 
and semantic memory, which has already been discussed, are not common in 
early AD.  
 
As the earliest site of deposition of neurofibrillary tangles is in the entorhinal 
cortex, followed by the hippocampus (Braak and Braak, 1997), there has been 
a tendency to believe that the early impairment of episodic memory in AD is a 
result of early damage to the medial temporal lobe and a loss of connectivity 
with its key regions of the neocortex (Hyman et al., 1984). Within the functional 
imaging literature, this has led to much focus on the activity within the MTL in 
AD and MCI (Dickerson et al., 2004; Greicius et al., 2004; Dickerson et al., 
2005; Celone et al., 2006). However, studies of FDG-PET have shown the 
earliest changes in metabolism in the retrosplenial cortex of both patients with 
MCI (Nestor et al., 2003) and AD (Minoshima et al., 1997). There is also 
evidence that this region of the medial parietal lobe shows signs of atrophy 
very early in the course of the disease (Scahill et al., 2002). In addition, in a 
comparison of FDG-PET imaging of patients with semantic dementia, in which 
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episodic memory is intact early in the course of the disease, and AD, both 
patient groups showed hypometabolism in the MTL, but the retrosplenial cortex 
of patients with semantic dementia was not affected; a finding that 
corresponded with their good performance on episodic memory tasks (Nestor 
et al., 2006). It is therefore likely that retrosplenial cortex dysfunction is 
important in the breakdown of episodic memory in AD. 
 
There have been reports of lesions to the retrosplenial cortex resulting in 
anterograde amnesia, such as a right-handed patient who had a haemorrhage 
in the left retrosplenial cortex, secondary to a ruptured arteriovenous 
malformation. Neuropsychological testing showed he had an impairment of 
anteriograde memory, but remote memories were intact (Valenstein et al., 
1987). The deficits were more severe for verbal, than non-verbal material and 
showed a deficit of temporal ordering of recently acquired memories. Other 
case reports of either left-sided or bilateral lesions of the retrosplenial cortex, 
through haemorrhage, infarction or tumours have confirmed the same 
anteriograde amnesia (Rudge and Warrington, 1991; Maeshima et al., 2001; 
McDonald et al., 2001). 
 
The retrosplenial cortex has therefore been shown to be both important for 
episodic memory formation and early functional changes are seen in this 
region in MCI and AD with FDG-PET. Indeed, the retrosplenial cortex is 
strongly connected to medial temporal lobe structures, such as the 
parahippocampal gyrus and the entorhinal cortex, more traditionally associated 
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with memory formation, and forms part of the circuit of Papez, one of the major 
pathways of the limbic system (Kobayashi and Amaral, 2003).  
 
However, the limbic system is not the only influence on the function of episodic 
memory. Damage to the prefrontal cortex (Fletcher and Henson, 2001) and 
lateral parietal lobes (Wagner et al., 2005) also results in impaired episodic 
memory function. Further, evidence of impaired episodic memory on a range of 
standard clinical neuropsychological tests of memory is known to provide only 
weak localising value when attempting to differentiate temporal from frontal 
lobe pathology; converging evidence is required by the demonstration of 
associated cognitive deficits in other domains. Given the widespread frontal 
and parietal pathology associated with AD, it is likely that as the disease and 
pathology load progresses, dysfunction in these areas will have additional 
detrimental effects on episodic memory function.   
 
1.7.2 Semantic Memory 
Semantic memory is thought to be relatively preserved in AD, compared to 
episodic memory in the early stages of disease. In AD, as the disease 
progresses, semantic deficits become apparent. Neuropsychological tests 
demonstrate that patients with moderate AD show deficits on category fluency 
tasks (such as providing a list of animals), compared to phonological fluency 
(providing a list of words beginning with a particular letter); a distinction that 
becomes more apparent as the disease progresses (Henry et al., 2004). AD is 
also associated with an impairment of naming, raising questions of whether the 
presumed semantic deficit is to do with disorders of phonological access or 
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loss of knowledge for meaning. However, studies of picture naming have 
shown that patients with AD that fail to identify a picture will consistently not be 
able to give a definition or explanation of the object if it is presented to them 
(Hodges and Patterson, 1995). 
 
1.7.3 Attention  
Patients with established AD often show evidence of impaired attention. 
Anecdotally, carers of patients often report a loss of attention in AD, such as 
difficulty in following conversations and mind wandering, which is often one of 
the features that appears to improve with ChI drugs, even if memory function 
does not. This is consistent with the suggestion that involvement of the 
cholinergic system may account for the attentional deficits in AD (Lawrence 
and Sahakian, 1995). Disorders have been found in selective attention 
(focusing attention on one specific aspect of a scene while ignoring or 
inhibiting the others) (Pignatti et al., 2005), divided attention (the ability to 
divide attention between two tasks) (Baddeley et al., 2001) and sustained 
attention (maintaining attention over time, often referred to as vigilance) (Perry 
and Hodges, 1999).  
 
1.7.4 Frontal executive control 
In established AD, almost all patients show deficits in executive functions, such 
as planning, selection and monitoring (Perry and Hodges, 1999). 
Neuropsychological tests include the “Tower of London” and trail making tests. 
Subtle disorders of executive function have also been demonstrated in MCI 
patients (Tales et al., 2005b; Tales et al., 2005a). 
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1.7.5 Later cognitive and behavioural sequela  
In addition to the cognitive deficits already discussed, patients in the later 
stages of disease also develop visual-spatial and perceptual deficits (Caine 
and Hodges, 2001), most crudely detected by the inability to copy intersecting 
pentagons accurately. In the later stages of disease, patients can also develop 
symptoms of progressive non-fluent aphasia, but these patients may be 
misclassified as frontotemporal lobar degeneration in the absence of a 
histological diagnosis (Knibb et al., 2006). Patients with AD may also develop 
neuropsychiatric disorders, such as depression. Apathy is present in 25-50% 
of patients and may be present either with or without depression (Starkstein et 
al., 2006).  
 
1.7.6 Atypical presentations of AD 
Patients occasionally present predominately with visual symptoms, which may 
be part of a broad spectrum of disorders from visual field restriction and acuity 
deficits right through to object agnosia and symptoms of Balint’s syndrome. 
This presentation tends to affect the posterior part of the brain, specifically the 
parietal and occipital lobes more than the frontal and temporal lobes, and has 
been termed the posterior cortical variant of AD (Benson et al., 1988). 
Neuroimaging often shows a pattern of parieto-occipital atrophy, often with little 
if any MTL atrophy.  
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1.8 The neural organisation of episodic memory 
The importance of the medial temporal lobe in episodic memory was brought 
to attention by patient HM, a patient who had undergone bilateral resection of 
the rostral portion of MTL, resulting in a profound memory deficit, involving 
both anterograde and retrograde components, but with preservation of remote 
memory (Milner, 2005). In addition, there was preservation of other aspects of 
his intellect and personality.  
 
Studies on animals and humans have outlined the widespread cortical and 
subcortical involvement in episodic memory, including neocortical association 
areas and the components of the MTL (see Figure 1.4) (Eichenbaum et al., 
2007). Neocortical association areas send projections to the parahippocampal 
region that surrounds the hippocampus. From here, there are projections to 
each subdivision of the hippocampus. There is a unidirectional connection 
between the components of the hippocampus, from the dentate gyrus to CA3, 
then to CA1, and finally to the subiculum. The outputs from the hippocampal 
region arise from CA1 and the subiculum to the parahippocampal region. From 
here, there are connections back to neocortical association regions 
(Eichenbaum, 2000).  
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Figure 1.4: Cortico-hippocampal projections associated with episodic 
memory.  
The figure demonstrates the connection from neocortical association areas to 
the parahippocampal region and then on to the hippocampus in the primate 
and rodent. (adapted from Eichenbaum, 2000). 
 
 
Neocortical regions play a role in the long-term storage of declarative 
memories and include the prefrontal cortex, amongst other regions associated 
with working memory, effortful retrieval, and cognitive processing (Buckner and 
Wheeler, 2001). The parietal and temporal cortices are involved in complex 
perceptual processing associated with the information being recalled 
(Uncapher et al., 2006).  
 
The parahippocampal region includes the perirhinal cortex, the 
parahippocampal cortex and the entorhinal cortex. The perirhinal cortex 
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receives non-spatial information about the identity of stimuli (‘what’) from 
association areas that process mainly unimodal sensory information about the 
qualities of an object.  
 
In contrast, the parahippocampal cortex is involved in the spatial processing of 
sensory stimuli (‘where’), receiving input from neocortical regions that process 
polymodal spatial information. This spatial and non-spatial information are then 
combined in the hippocampus via the entorhinal cortex (Eichenbaum, 2000).  
 
An example of this distinction is from the monkey perirhinal cortex, which 
receives input from the ventral visual pathway that is involved in object 
recognition (‘what’), whereas, the parahippocampal cortex receives input from 
the dorsal visual pathway that is involved in visually guided actions (‘where’) 
(Suzuki and Amaral, 1994).  
 
Further, in both the rat and the monkey, the perirhinal cortex projects more to 
the lateral entorhinal cortex and the parahippocampal cortex projects more to 
the medial entorhinal cortex (Witter et al., 2000). 
 
Knowledge of the anatomical organisation of the episodic memory system from 
studies mainly in rats, monkeys and humans have led to experimental models 
of episodic memory function (Eichenbaum et al., 2007). It is suggested that 
after a stimulus is encountered, the perirhinal and lateral entorhinal cortex may 
match a memory cue to a stored template of the stimulus. This does not, 
however, contain spatial information about the stimulus, but feedback 
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connections to the neocortex may provide the sense of familiarity associated 
with the stimulus, without further processing by the hippocampus.  
 
In parallel to the processing in the perirhinal and lateral entorhinal cortex, there 
is activity in the parahippocampal and medial entorhinal cortex associated with 
spatial information about the stimulus to be remembered. All of this information 
converges at the hippocampus, creating an object-context representation.  
 
During recollection, a retrieval cue may reactivate this object-context 
representation, leading to retrieval of contextual information at the level of the 
parahippocampal cortex, medial entorhinal cortex and back to the neocortical 
regions that originally processed the contextual information. Direct projections 
between the perirhinal and parahippocampal corticies and between medial and 
lateral entorhinal cortex may strengthen with reactivation of the memories and 
support gradual consolidation of the memory (Figure 1.5). 
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Figure 1.5: Proposed functional organisation of episodic memory within 
neocortical and medial temporal regions. 
 
(adapted from Eichenbaum et al., 2007). PRC-LEA = perirhinal cortex and 
lateral entorhinal area; PHC-MEA = parahippocampal cortex and medial 
entorhinal area. Spatial (‘where) and non-spatial (‘what’) information are 
processed separately, arising from different neocortical regions, and processed 
in different parahippocampal regions. Integration of ‘what’ and ‘where’ inputs 
occur in the hippocampus.  
 
 
1.9 Functional imaging of episodic memory 
 
1.9.1 Medial temporal lobe 
One of the earliest findings using event-related fMRI to study memory was 
increased MTL activity during the encoding of items that were subsequently 
remembered, compared to those that were not (Brewer et al., 1998; Wagner et 
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al., 1998b). Following this, a number of studies aimed to detect local functional 
specialisation within the hippocampus, with separate regions engaged during 
encoding, compared to retrieval of episodic memories. The results of these 
studies have not been conclusive, with some reporting activity in the rostral 
hippocampus for encoding and the caudal part for retrieval (Zeineh et al., 
2003), but with others reporting the reverse (Gabrieli et al., 1997).  
 
The lack of consistency in these results may in part be due to different tasks 
requiring the processing of inputs from different sensory modalities. Also, early 
fMRI techniques encountered difficulties with signal dropout in the anterior 
temporal lobes, making signal detection at the rostral hippocampus variable 
(Greicius et al., 2003).  
 
Furthermore, researchers have attempted to separate out activity relating to 
the different episodic memory processes: recollection (recognising an item 
based on the retrieval of specific contextual details) and familiarity (recognising 
an item based on perceived memory strength, rather than any specific details 
about the study episode). Again, results have been conflicting, with some 
studies reporting recollection-based activity in the hippocampal formation and 
familiarity-based activity in the perirhinal or entorhinal cortex (Davachi et al., 
2003; Eichenbaum et al., 2007), but with conflicting results from others (Squire 
et al., 2007).  
 
Another form of specificity that has been investigated has been related to the 
specific content of the episodic memory. The encoding of faces is associated 
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with activity in the rostral hippocampal and perirhinal regions, compared to 
objects that are associated with more caudal activity (Preston et al., 2009). 
Spatial memory and memory for indoor or outdoor scenes is associated with 
posterior parahippocampal activity (Stern et al., 1996; Maguire, 1997).  
 
1.9.2 Neocortical regions engaged in episodic memory processing 
In addition to the focus of attention on memory processes involving the MTL, 
various neocortical regions have also been shown to be more active in 
subsequent memory paradigms for items that are remembered, compared to 
those that are not. These include the ventral temporal cortex, including the 
fusiform gyrus in the encoding of pictures of visual objects and lateral 
temporal, including superior temporal gyrus in the encoding of auditory 
information (Dickerson and Eichenbaum, 2010).  
 
The frontal cortex is also strongly associated with episodic memory, involved in 
associative learning, delayed response and memory for temporal order (Milner 
et al., 1985; Petrides, 1985; Stuss et al., 1998). Neuroimaging studies have 
provided support for frontal lobe involvement in the use of strategies during 
episodic encoding, as well as associating events with temporal and other 
contextual information (Davidson et al., 2006). An example of this is the 
ventrolateral prefrontal cortex (particularly the left), which is involved in 
semantic processing of information being encoded (Fletcher and Henson, 
2001).  
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During episodic memory retrieval, the frontal lobes are strongly engaged in 
many cognitive processes directly influencing retrieval, which are broadly split 
into pre- and post-retrieval processing (Rugg and Wilding, 2000; Rugg et al., 
2002). Pre-retrieval processing refers to the frontal cognitive processes 
involved in supporting retrieval in response to a cue, including retrieval ‘mode’ 
(the cognitive state subserving retrieval), retrieval ‘effort’ (the difficulty of 
retrieval) and retrieval ‘orientation’ (response to different forms of retrieval 
cue). Retrieval effort and orientation have been shown to be associated with 
activity in the left ventrolateral and anterior prefrontal cortex, whereas retrieval 
mode is associated with frontal pole activity (Rugg and Wilding, 2000). Post-
retrieval processing is a response to the product of the process of retrieval, 
involving monitoring and a retrieval decision. These processes have been 
found to be associated with activity in the right dorsolateral prefrontal cortex.  
 
Some investigators have attempted to separate frontal episodic memory 
processes by cerebral hemisphere, with one model (HERA model – 
‘hemispheric encoding/retrieval asymmetry’) suggesting that there is 
predominately left-lateralisation in the frontal lobe during encoding and right-
lateralisation during retrieval (Habib et al., 2003). Others have related frontal 
lateralisation to content-specific aspects of episodic memory, such that verbal 
material is left-lateralised and visual material is right-lateralised (Wagner et al., 
1998a).  
 
Finally, the parietal lobes have recently been the subject of much interest with 
regards episodic memory. Activity related to recognition of old, rather than new 
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items, is routinely seen in medial parietal areas, including the posterior 
cingulate, precuneus and retrosplenial cortex, and in the left lateral parietal 
cortex in the inferior parietal lobule and postero-lateral cortex (Wagner et al., 
2005). There is also evidence of functional specialisation for episodic memory 
in the lateral parietal lobe, where the inferior parietal lobule is associated with 
detailed recollection, and a part of the intraparietal sulcus is involved in 
familiarity. Others suggest supportive roles of the lateral parietal lobe in 
episodic memory, in terms of attentional processes (Cabeza et al., 2008).  
 
 
1.10 Verbal episodic memory 
 
1.10.1 Sentence comprehension 
Sentence encoding to episodic memory, is dependent on higher level semantic 
processing for meaning. This involves activity in key regions of the temporal, 
parietal and frontal lobes. Recent meta-analyses of studies of speech 
comprehension and semantic processing have identified a set of key regions 
associated with semantic processing (Binder et al., 2009; Price, 2010). 
Considering studies of semantic processing, common regions of activity 
include the left angular gyrus, the middle temporal gyrus, the ventral temporal 
cortex, dorsomedial prefrontal cortex, inferior frontal gyrus, ventromedial 
prefrontal cortex and posterior cingulate gyrus (Binder et al., 2009) (Figure 
1.6).  
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Figure 1.6: Regions associated with semantic processing and sentence 
comprehension [adapted from Binder et al., 2009 (A) and Price, 2010 (B)]  
A: The results of a meta-analysis of 120 studies on neural activity associated 
with semantic processing. 
 B: Meta-analysis of studies of sentence comprehension. Activity associated 
with sentence comprehension overlaps with activity in semantic processing. 
Filled circles – comprehensible versus incomprehensible sentences; open 
circles – sentences with versus without gestures. HG – Heschl’s gyrus. 
Coloured regions separate different regions of cortex. The circles lie within the 
dark pink region (left lateral temporal cortex), the posterior lighter pink region 
(left angular gyrus) and the yellow region (left auditory cortex). 
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More specifically, considering recent publications on sentence-level 
processing, where grammatically correct sentences with plausible meanings 
have been contrasted to those with implausible meanings, activity was 
detected in the left middle temporal gyrus, bilateral anterior temporal lobes, left 
angular gyrus and posterior cingulate/precuneus (Price, 2010). This can be 
seen in Figure 1.6. 
 
I shall focus specifically on the regions outlined in the meta-analysis of 
sentence comprehension (Price, 2010). Lesions of the angular gyrus have 
been associated with a wide range of deficits other than sentence 
comprehension, including alexia and agraphia, anomia, transcortical sensory 
aphasia, acalculia and ideomotor apraxia (Binder et al., 2009). It is therefore 
thought that this region plays a role in complex information integration. In 
relation to sentence comprehension, a recent study showed a late response of 
the angular gyrus that occurred only after the content words of the sentence 
could be coherently integrated to extract meaning (Humphries et al., 2007). 
Furthermore, studies contrasting connected narrative with unconnected 
sentences also show activity in the angular gyrus (Xu et al., 2005).  
 
The left lateral temporal lobe is frequently associated with language 
comprehension (Scott et al., 2000; Spitsyna et al., 2006). Focal damage to the 
middle temporal gyrus has been associated with deficits in language 
comprehension and semantic processing (Dronkers et al., 2004).  
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At its anterior aspect, damage to the anterior temporal lobe, from the middle 
temporal gyrus down to the fusiform gyrus, is common in semantic dementia, 
resulting in a progressive loss of semantic knowledge (Hodges et al., 1995). 
The importance of the anterior temporal lobe in semantic processing has been 
further developed by a recent study of patients with chronic aphasic stroke, 
which demonstrated better receptive language function in patients with 
preserved lateral anterior intertemporal connectivity (Warren et al., 2009).  
 
The posterior cingulate and retrosplenial cortex have already been discussed 
in relation to episodic memory. It is likely that activity in this region associated 
with sentence comprehension, is associated with episodic memory encoding, 
rather than semantic processing per se. Lesions to this region tend to result in 
amnestic syndromes rather than semantic memory impairment (Vann et al., 
2009) and as I have already discussed, this is a region involved in AD, 
resulting in early deficits in episodic memory function.  
 
1.10.2 Autobiographical memory 
The most ‘ecologically valid’ functional imaging studies of verbal episodic 
memory are of autobiographical memory. These are memories of personal 
events and personal history. As such, the memories are more distinct and are 
of personal significance, rather than laboratory-generated stimuli. A recent 
meta-analysis of studies of autobiographical memories has identified a set of 
neural regions associated with verbal episodic memory retrieval (Svoboda et 
al., 2006).  
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Figure 1.7: Results of a meta-analysis of activity associated with 
autobiographical memory retrieval by Svoboda et al., 2006.  
 
Activation in core regions are in red, secondary regions are in green and 
infrequent activations are in blue. 
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This included the medial and ventrolateral prefrontal cortices, medial and 
lateral temporal cortices, angular gyrus, retrosplenial and posterior cingulate 
cortex, and the cerebellum (Figure 1.7). As expected in these kinds of study, 
the resultant activity is related to both semantic and episodic memory 
processing. Hence, regions such as the lateral temporal cortex and angular 
gyrus have already been discussed in relation to semantic processing.  
 
Activity in the prefrontal cortices was mainly reported as left lateralised, and is 
consistent with the function of the prefrontal cortex in episodic memory 
retrieval, as a site involved in strategic retrieval, verification and monitoring 
(Fletcher and Henson, 2001). It is suggested that the left-lateralisation may be 
related to verbal memories rather than object or picture memories, which are 
more likely to result in right lateral prefrontal activity (Petrides, 2002). 
 
1.11 fMRI studies of episodic memory in AD 
 
Early studies, using fMRI to investigate functional changes in the brains of 
patients with AD, reported on differences in the magnitude and extent of 
activation within regions, compared to matched healthy controls. A common 
finding has been of reduced hippocampal activity in AD, compared to healthy 
controls during memory tasks (Small et al., 1999; Rombouts et al., 2000; Kato 
et al., 2001; Machulda et al., 2003; Dickerson et al., 2005; Pariente et al., 
2005). This is consistent with the early MTL damage and atrophy seen in AD. 
Furthermore, there have been reports of increased activity in the hippocampus 
with repeated presentation of the same stimulus, associated with a loss of 
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parietal deactivation, which may represent a loss of the usual repetition 
suppression that is seen in healthy controls (Golby et al., 2005; Pihlajamaki et 
al., 2008).  
 
Other studies have focused on whether the failing memory networks in patients 
with AD result in the adoption of alternative neural networks to perform the 
same memory tasks.  
 
One such study investigated neural network differences during a visuospatial 
memory task in AD patients, compared to healthy control subjects (Gould et 
al., 2006). This failed to demonstrate evidence of neural plasticity in the AD 
group, but it did show increased activity in prefrontal regions in the patients. 
Another such study investigating associative encoding of face-name pairs 
showed a similar result, demonstrating that patients showed hypoactivity in the 
hippocampus and hyperactivity in a fronto-parietal network, suggesting that the 
fronto-parietal part of the system becomes more active to compensate for the 
failing hippocampi (Pariente et al., 2005).  
 
Studies comparing patients at different stages of disease have shown 
hippocampal hyperactivity in the MCI phase, followed by hypoactivity as the 
disease process progresses (Dickerson et al., 2005; Celone et al., 2006). A 
recent study has shown that even within the MCI group, there is a subsection 
of less impaired individuals who show hippocampal hyperactivity, whereas the 
other group of more impaired individuals showed hippocampal hypoactivity, 
similar to that seen in early AD, indicating that dysfunction of the hippocampus 
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may occur very early in the disease course at the MCI stage (Celone et al., 
2006). Moreover, this study has demonstrated the importance of deactivation 
of medial and lateral parietal regions during an associative memory task, 
successful encoding being positively correlated with degree of parietal 
deactivation. Failure of medial parietal deactivation has also been implicated in 
failure to encode visual stimuli in a poor-performing, but non-demented elderly 
group (Miller et al., 2008). The medial parietal areas are active in the ‘resting 
brain’, suggesting a role for them in attending to internal thoughts and 
monitoring of the environment. It is suggested in these studies that 
deactivation in parietal regions may be necessary in task or goal-related 
actions, rather than internally generated thoughts.  
 
Studies using models of episodic memory derived from cognitive 
neuroscience, such as the dual process recollection and familiarity model 
initially suggested that in AD familiarity was preserved, but recollection was not 
(Dalla Barba, 1997). However, more recent reports suggest that both 
processes may be affected (Ally et al., 2009). There have also been reports of 
an increase in false memories in AD (Budson et al., 2006).  
 
 
1.11.1 fMRI studies of functional connectivity in AD 
In addition to the more traditional task-related change in regional cerebral 
blood flow detected in fMRI studies, it is possible to study brain activity when 
subjects are not engaged in any task. This state has been termed the ‘default 
mode’ or ‘resting state’ of brain activity (Raichle et al., 2001). fMRI data 
 59 
acquired for this purpose can be analysed using independent component 
analysis (ICA), to reveal unique spatial maps across regions of cortex where 
the temporal changes in fMRI signal (blood oxygen-level dependent signal or 
BOLD)  are significantly correlated. These data can then be used to infer 
functional connectivity within each component to give a handle on the 
differences in large-scale networks between groups.  
 
This approach may be beneficial in diseases where there is cognitive decline, 
as it does not depend on the patients’ ability to perform a task (Price and 
Friston, 1999), hence providing the possibility of scanning patients with a 
greater degree of cognitive deficit, rather than only selecting mildly affected 
individuals. The difficulties with this approach include the interpretation of 
results. The usual instruction to the participant during a rest scan is to close 
their eyes and think of nothing. The likelihood is that there will be great 
variability in what the subjects are thinking or doing during these scans. There 
is also no scan-specific behavioural correlate with which to relate differences in 
BOLD activity. It is possible that this variability will be reduced with sufficient 
numbers of participants, as long as the behavioural differences are not 
associated with the disease.  
 
The usual pattern of activity seen during resting state scans includes the 
medial and lateral parietal lobe, the medial temporal lobe, including the 
hippocampus, and the medial and lateral prefrontal lobe. A study by Buckner 
and colleagues (2005) looked at the distribution of the resting state network, as 
demonstrated in fMRI and PET studies, and compared this with patterns of 
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amyloid deposition from PIB scanning, regional brain metabolic changes and 
brain atrophy in patients with AD. This study demonstrated a similar 
distribution of structural (amyloid deposition and atrophy) and functional 
(resting state fMRI and reduced cerebral glucose metabolism) markers in a 
group of AD patients. The pattern of activity was also strikingly similar to the 
usual pattern of activity demonstrated in studies of episodic memory retrieval 
tasks (Figure 1.5). The implication being that despite the difficulties in 
interpretation of resting state fMRI, its distribution does appear to correspond 
strikingly well with that of the changes that occur in AD and to activity 
associated with episodic memory processing, making it a potential tool for 
studying changes in functional neural networks as a consequence of 
pathology. In addition, the authors hypothesised that the constant engagement 
of this system may make it more susceptible to age-related changes and 
neurodegeneration.  
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Figure 1.8: Convergence of anatomical, molecular and functional 
changes in AD.  
 
Medial and lateral surfaces of a template brain, displaying the locations of 
resting state activity in a young adult (left, blue), amyloid deposition in AD, 
atrophy in AD, metabolism disruption in AD and regions active during 
successful episodic memory retrieval (memory network, right). There is great 
overlap in the localisation of these processes. (adapted from Buckner et al., 
2005). 
 
 
In one of the first studies to look at the differences in resting state networks 
between patients with AD and controls (Li et al., 2002), the functional 
connectivity between right and left hippocampus was investigated and a 
parametric reduction in connectivity from controls to MCI patients to AD 
patients was found.  
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This was followed by a study of whole-brain resting state networks (Greicius et 
al., 2004), in which reduced resting state activity in the posterior cingulate and 
hippocampus of patients with AD compared to healthy controls was found. The 
authors concluded that this disrupted hippocampo-parietal connectivity was 
consistent with FDG-PET hypometabolism, which has previously been 
demonstrated in these regions in AD (Minoshima et al., 1997). Using a 
classification algorithm, they were able to correctly identify 11 of the 13 AD 
patients based on the fit of their resting state network to a standard template. A 
similar finding of reduced resting state network connectivity has been shown in 
patients with MCI (Sorg et al., 2007).  
 
1.8.2 fMRI studies of the effects of cholinergic modulation of cognition in AD 
Using fMRI to detect changes in brain function as a consequence of 
pharmacological intervention is an area of study that is becoming of increasing 
importance. It is of interest both in terms of understanding the pattern of 
modulation of brain activity and in drug development, with the portent of an 
objective measure of functional modulation. In AD, most interest is based on 
the effects of cholinergic enhancement on brain activity in disease. 
 
To date, studies have reported differences in activation strength between 
groups of patients on and off a drug, both states demonstrating the same 
spatial pattern of activity. An early study by Rombouts and colleagues (2002) 
assessed differences in the strength of activity within structures known to be 
involved in a face-encoding task. They reported increased activity in prefrontal 
and fusiform cortex in patients who had received a single dose of rivastigmine 
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compared to those who had not. A larger study published in 2006 from the 
same group (Goekoop et al., 2006), compared patients with MCI and AD after 
taking both acute and prolonged doses (5 days) of galantamine. This study 
demonstrated increased activity related to acute dosing in both groups of 
patients, during a face recognition task. Following prolonged exposure to 
galantamine, the increases in activity were not as strong in the MCI group and 
not significantly different in the AD group compared to no drug. Comparing 
prolonged to acute dosing highlighted regions of relative deactivation. MCI 
patients showed increased activity in posterior cingulate, anterior temporal and 
inferior parietal cortex acutely, but reductions in activity of posterior cingulate 
and frontal areas after prolonged exposure. AD patients showed increased 
activity in hippocampal areas acutely, which decreased in the same areas with 
prolonged exposure to the drug. The authors argue that the differential 
response between MCI and AD groups reflects the different cholinergic status 
of their stage of pathology. A more recent study (Shanks et al., 2007) 
comparing patients with mild AD with healthy age-matched controls has 
suggested that regions of brain activity in patients with AD that differ from 
healthy controls show increased activation strength following prolonged 
treatment with galantamine, bringing the neural response closer to that 
observed in healthy volunteers.  
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1.12 Summary of background 
 
Alzheimer’s disease poses a challenging problem to the clinician, both in terms 
of diagnosis and management. Diagnostically, new imaging techniques add to 
the weight of evidence suggesting the diagnosis of probable AD. 
Therapeutically, the only licensed drugs for AD are central cholinesterase 
inhibitors, which improve cognitive function, but do not appear to affect the 
progression of the disease. Pathologically, the deposition of amyloid deposits 
and the aggregation of tau in neurones lead to neuronal toxicity and cell death, 
which can be monitored in serial longitudinal volumetric brain MRI scanning, 
which will highlight regions of increasing atrophy.  
 
The neuroanatomy of episodic memory highlights regions that are likely to be 
affected by the pathological changes in AD. Regions such as the medial 
temporal lobes and retrosplenial cortex are likely to be affected early in the 
course of AD resulting in impairment of episodic memory. It is likely, however, 
that owing to frontal and parietal involvement in AD, damage to these cortical 
regions may further impact on the episodic memory impairment encountered.  
 
Although many fMRI studies have been conducted on patients with AD or MCI, 
investigating episodic memory, they have largely investigated visual, spatial or 
associative memory, such as faces, scenes or face-name pairs. These types of 
study tend to involve a high level of task demand and may seem quite artificial 
to patients, compared to their everyday experience of memory function. They 
also do not adequately address the issue of performance-matching between 
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control and patient groups, a possible reason for the variability in the result 
reported to date.  
 
Although previous functional imaging studies have provided useful information 
regarding the breakdown of memory systems in AD, there is a need for a more 
ecologically valid study of episodic memory. The challenge is to design a study 
that will allow the visualisation of the dysfunction in auditory verbal episodic 
memory systems that is commonly encountered by patients with AD. Any such 
study will need to be easy for participant to perform, but should allow for 
performance matching between patient and control groups. Ideally, both 
encoding and retrieval would be studied in the most natural way, such as 
hearing a short passage of simple factual information and then after a period of 
delay or distraction, having a period of spoken free recall. This would require 
an assessment of the feasibility of including a spoken response in an fMRI 
study, an imaging technique that is very sensitive to movement-related 
artefact.  
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1.13 Overall aim of the thesis 
 
To investigate auditory verbal episodic memory encoding and retrieval in 
healthy controls, patients with MCI and patients with AD, using fMRI 
paradigms.  
 
 
 
1.14 Specific aims of the thesis 
 
1. To demonstrate the feasibility of studying speech production with 
fMRI using sparse temporal sampling, without speech movement-
related artefact marring the data.  
 
I set out to achieve this by initially performing a study of speech production and 
comparing the resulting cortical activity with previous studies of speech 
production using positron emission tomography (PET), a technique much less 
susceptible to movement-related artefact.  
 
In addition to establishing a viable technique for incorporating speech 
production into a fMRI study, I set out to use the opportunity to study the 
sensory feedback systems during speech production. 
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2. To establish the neural activity associated with the encoding of 
heard sentences to verbal episodic memory in healthy subjects.  
 
My plan was to include an analysis of the neural correlates of encoding 
success, based on subsequent sentence retrieval performance. 
 
 
3. To determine the differences in neural activity during encoding of 
sentences in patients with AD and MCI, compared to age- and 
education-matched healthy controls.  
 
My plan was that these analyses would also help define differences in 
encoding performance-related neural responses between the groups. 
 
 
4. To establish the neural activity associated with spoken retrieval of 
sentences in healthy controls.  
 
My plan was that this would include analyses of the common activity during the 
encoding and retrieval of sentences in order to define core regions associated 
with verbal episodic memories. In addition, I set out to investigate the activity 
associated with effortful retrieval and the neural correlates of retrieval success.  
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5. To determine the differences in neural activity during retrieval of 
sentences in patients with AD and MCI, compared to age- and 
education-matched healthy controls.  
 
My plan was that these analyses would include both performance-matched 
comparisons, as well as analyses of the differences in retrieval performance-
related responses between groups. I set out to ensure that in my study design, 
performance matching between groups would be achieved by making retrieval 
more effortful for healthy subjects by introducing more distraction separating 
encoding and retrieval. 
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1.15 Hypotheses 
 
1. The encoding of heard sentences to episodic memory is reliant on 
sustained auditory attention, and is strengthened by efficient semantic 
processing. 
 
2. Alzheimer’s disease patients have a disruption of verbal memory as a 
consequence of impaired sustained auditory attention during encoding, 
in addition to medial temporal lobe dysfunction.  
 
3. Free recall of verbal episodic memories is heavily reliant on frontal 
cognitive control systems. 
 
4. In patients with AD, there is an altered response of frontal cognitive 
controls systems, resulting in an impairment of retrieval performance.  
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2. Methods  
  
2.1 The history of magnetic resonance imaging (Gadian, 1984; McRobbie 
et al., 2003) 
MRI is based on the principles of nuclear magnetic resonance (NMR). The 
original NMR experiments were performed separately and independently, but 
published contemporaneously by two physics research groups in 1946. Felix 
Bloch and Edward Purcell, the leaders of each group, received the Nobel Prize 
for Physics for their work in 1952. These original NMR experiments described 
how susceptible nuclei placed in a magnetic field absorb energy and, when 
removed from that magnetic field, emit radiofrequency energy. In the early 
1970s, Richard Ernst developed the idea of phase and frequency encoding, 
which formed the basis of current MRI techniques. In 1977, Sir Peter Mansfield 
from Nottingham University developed echoplanar imaging (EPI), which 
provided the eventual platform for current functional MRI techniques. Mansfield 
was later awarded the Nobel Prize for Medicine in 2003 for this contribution to 
the development of clinical MRI. fMRI was first developed in 1992 and formed 
the springboard for subsequent functional brain mapping experiments 
(Connelly et al., 1993; Frackowiak et al., 2000). 
 
2.2 Principles of NMR (Gadian, 1984; McRobbie et al., 2003; Gadian, 2004) 
NMR signals rely on the fact that certain nuclei with odd numbers of electrons, 
including hydrogen (protons – 1H), have an intrinsic property, referred to as 
“spin”. Any moving electric charge produces a magnetic field and the resultant 
effect causes each proton to act as if it were a simple bar magnet with both 
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“North” and “South” poles (Figure 2.1). In terms of quantum physics, 
electromagnetic spin of nuclei occurs in multiples of ½ and can be expressed 
either as positive or negative spin. For example, the hydrogen nucleus, which 
is of principal interest in MRI, has a single unpaired proton and therefore it has 
a net spin of +½. Normally, the direction of these nuclear spins is random. 
However, when a hydrogen atom (proton), is subjected to an external, 
stationary magnetic field (B), each proton aligns itself with or against the 
magnetic field (Gadian et al., 1993). 
 
 
Figure 2.1: Nuclear spin 
 
The spinning nucleus (a) induces a magnetic field, behaving like a bar magnet 
(b). N and S represent north and south respectively. The directions of the 
arrows represent the direction of the magnetic field. (Adapted from Gadian D, 
1984). 
 
 
When protons are aligned in a ‘North to South” - “North to South” configuration 
within a magnetic field, this is known as a low energy configuration, and the 
opposite, “North to North” – “South to South” configuration is known as a high 
energy configuration. The majority of protons align in a low energy state, so 
a 
S 
N 
b 
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that the net alignment is with the external, applied magnetic field.   
 
In terms of simple quantum physics, absorption of a photon of radiofrequency 
energy brings about a change in the energy status of a proton in an applied 
magnetic field. Thus, there is a transformation from a low-energy state to a 
high-energy state. This energy may be re-emitted on returning to the original 
low energy state. This is the basic precept underlying the NMR phenomenon. 
With this in mind, the majority of human tissue is composed of water and, to a 
lesser extent fat, both of which have abundant hydrogen atoms (protons). 
These tissues can be imaged using MRI, and owing to the natural abundance 
of protons in man, a very strong NMR signal may be obtained using clinical 
magnet systems. During a MRI scan, this energy is administered in the form of 
a radiofrequency (RF) pulse. This RF energy converts the protons in the body 
into the higher energy state and flips them out of the “North – South” axis to a 
new alignment, which is dependent on the properties of the applied NMR 
pulse. When the RF pulse (MRI sequence) is terminated, the protons return to 
their original alignment and at the same time, RF energy is re-emitted. The 
NMR signal is thus produced as a consequence and may be detected using 
MR receiver coils as a free induction decay (FID) (Figure 2.2). The time taken 
for the spin to return to the low energy state is known as T1 relaxation time 
(Gadian, 1984). 
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Figure 2.2: The free induction decay (FID) and Fourier transformation to 
generate either MR images or frequency spectra [Adapted from (Taylor-
Robinson, 2001)]. 
 
 
 
A single, isolated proton is only subject to the stationary B magnetic field of the 
MR magnet and there is no interference from other nuclei. However, in human 
tissue, each proton is surrounded by other protons with spin, and their 
magnetic fields interact. These temporary and random interactions of 
neighbouring protons in a tissue are known as “spin-spin” interactions and can 
result in “dephasing” of the protons in their axes, and therefore a potential 
change in NMR signal. This process is known as T2 relaxation. The T2 effect is 
determined by the chemical environment of each proton and is different for 
different tissues. T2 decay describes the loss of signal caused by random spin-
spin interactions, assuming that there is a homogenous B0 magnetic field in the 
Time 
FID 
Signal 
Intensity 
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MR magnet. In everyday life, there are a number of factors that create 
inhomogeneities in the applied magnetic field. These include distortions at 
tissue borders (air interface), metal prostheses present in the subject and 
accumulation of paramagnetic substances within tissues, such as iron or 
manganese. The sum of all these effects, including “spin-spin” interactions is 
known as T2*. BOLD echo planar imaging, which is used for fMRI, relies on the 
T2* signal (Connelly et al., 1993; Calamante et al., 1999).  
 
Echo-planar imaging (EPI) is a MRI sequence, which enables the rapid 
acquisition of images from “slices” of the brain (Farzaneh et al., 1990; Bruder 
et al., 1992). In this context, it is important to note that deoxyhaemoglobin is 
paramagnetic, compared to oxyhaemoglobin, which itself is diamagnetic or 
isomagnetic. Crucially, it is this property that is employed in the BOLD 
response in fMRI. Thus, in a given brain region, the local T1 and T2 parameters 
of the tissue are affected by the increased presence of deoxyhaemoglobin in 
the blood, owing to increased oxygen consumption. This brings about a T2* 
effect which can be utilized in fMRI to make inferences on activity in regions of 
the brain during specific experimental paradigms.   
  
2.3. MRI hardware and image acquisition (Gadian, 1984; McRobbie et al., 
2003). 
In clinical MRI, the B0 static magnetic field is generated by a superconducting 
electromagnet.  RF coils have a dual role: one is the transmission of the NMR 
pulse, (the B1 magnetic field, which rotates the protons in the body to a 
different alignment, dependent on the property of the pulse itself), and the 
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second is the detection of the MRI signal. Often the transmission and reception 
functions of MR coils are combined in a single “transmit-receive” coil.  
 
2.3.1 Gradients (McRobbie et al., 2003)  
To localise the MR signal spatially within a region of interest requires the use 
of gradients. These are additional spatially linear variations in the static field 
strength. Gradients can be applied in any orthogonal direction using the three 
sets of gradient coils Gx, Gy, Gz within the MR system. Faster or slower 
precession is detected as higher or lower MR signal. Thus, the frequency 
measurements can be used to distinguish MR signals at different positions in 
space and enable image reconstruction in three dimensions. 
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Figure 2.3: Effect of field gradient on nuclei. 
(a) B0 only, all nuclei precess at the same frequency. 
(b) B0 with gradient Gx. Further along the x direction the field increases and 
thus, the protons resonate faster - precession frequency depends upon 
position. 
(Adapted from McRobbie et al., 2003, chapter 7) 
 
 
2.3.2 RF coils (Gadian, 1984; McRobbie et al., 2003) 
The transmitter and receiver coils may be either separate or individual pieces 
of hardware dependent upon the area of body under examination and the 
experiment being performed. The applied B1 pulse is applied by an enveloping 
transmitter coil, which uniformly surrounds the area of interest, such as a head 
coil. The receiver coil essentially consists of a loop of wire, which may either 
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be placed directly over the region of interest or combined within the transmitter 
coil. Phased-array coils involve a number of coils receiving MR signal 
simultaneously and independently from a single excitation. If each coil is 
connected to a separate receiver, then the noise between the coils is 
uncorrelated, resulting in a higher signal-to-noise ratio than if the coils were 
just connected to one receiver. Mathematical algorithms can then be employed 
to combine the data from the individual coils to generate an optimum 
reconstructed image.  
 
2.3.3 The MRI scanner (Gadian, 1984; McRobbie et al., 2003) 
Current diagnostic MRI scanners use cryogenic superconducting magnets in 
the range of 0.5 Tesla (T) to 3T. By comparison, the Earth’s magnetic field is 
0.5 Gauss (G), which is equivalent to 0.00005T. Until recently, most clinical 
research was conducted at a magnetic field strength of 1.5T. However, 3T 
systems are becoming more widely available and are particularly being used in 
the research setting, where their full capabilities are being explored and 
optimised. The advantages of higher field strength systems include, improved 
signal-to-noise ratio (SNR), higher spectral, spatial and temporal resolution, 
improved quantification. Indeed, the improved SNR can be traded to allow a 
reduced imaging time. Inherent disadvantages include magnetic susceptibility 
and eddy current artefacts and magnetic field instability (Calamante et al., 
1999). Magnetic susceptibility is the degree of magnetisation that a tissue or 
material exhibits in response to a magnetic field. This may have either a 
beneficial or deleterious effect upon the overall image quality. Magnetic 
susceptibility artefacts are more prominent at 3T compared to 1.5T. The 
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phenomenon may be beneficial in functional or diffusion MRI by improving 
tissue contrasts, but disadvantageous by producing signal voids at air/tissue 
interfaces in diffusion sequences. An eddy current is an induced current that is 
generated due to the interaction between the rapidly changing magnet field 
and the conducting structures within the MRI scanner. These eddy currents 
may lead to perturbations in the gradient field, and thus blurring in the MR 
image (Calamante et al., 1999). 
 
2.3.4 T1- and T2-weighted MR imaging (Gadian, 1984; McRobbie et al., 2003) 
Nuclear relaxation is the process by which a nuclear spin system returns to 
thermal equilibrium after absorption of RF energy. There are two processes, 
known as longitudinal and transverse relaxation, which are characterised by 
the time constants, T1 and T2, respectively. 
 
T1 is also known as ‘spin-lattice relaxation’, whereby the ‘lattice’ is the 
environment surrounding the nucleus. As longitudinal relaxation occurs, energy 
is dissipated into the lattice. T1 is the length of time taken for the system to 
return 63% toward thermal equilibrium, following a RF pulse. T1 can be 
manipulated by varying the times between RF pulses, the repeat time (TR). 
Water and cerebrospinal fluid (CSF) have long T1 values (3000-5000 ms), thus 
they appear dark on T1-weighted images, while fat has a short T1 value (260 
ms) and appears bright on T1-weighted images.  
 
Relaxation processes may also redistribute energy among the nuclei within a 
spin system, without the whole spin system losing energy. Thus, when an RF 
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pulse is applied, nuclei align predominantly along the axis of the applied 
energy. On relaxation, there is de-phasing of the orientations of the nuclei as 
energy is transferred between nuclei and there is a reduction in the resultant 
field direction, with a more random arrangement of alignments. It is termed 
transverse relaxation because it is a measure of how fast the spins exchange 
energy in the ‘xy’ plane. This T2 is also known as the ‘spin-spin’ relaxation. T2-
weighted images are often used to detect pathology on MR imaging. 
 
2.4 The BOLD response and neurovascular coupling (Frackowiak et al., 
2000) 
Functional MRI is concerned with the activity of groups of neurones. Neuronal 
synaptic activity requires energy consumption and it is this energy use that is 
exploited in fMRI. The technique relies on the BOLD response (blood-oxygen 
level dependent imaging) as a measure of the difference between the 
magnetisation of oxyhaemoglobin and deoxyhaemoglobin. Stimulation of 
neurones in a particular area of the brain is associated with increased cerebral 
blood flow (CBF) and this recruitment of oxygenated blood is greater than is 
required for any given neural activity (Fox and Raichle, 1986). This leads to a 
build up in local oxygenated haemoglobin (Hb). 
 
Any neuronal activity leads to energy use, provided by the extraction of oxygen 
from oxygenated haemoglobin in the surrounding blood vessels. This increase 
in oxygen consumption results in an increase of blood flow to the local region, 
one that is greater than is required to meet the increased oxygen consumption. 
The result is a greater local concentration of oxygenated haemoglobin. The 
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increase in CBF is known to take 5s to 6s. The time course of this change in 
the local ratio of oxyhaemoglobin to deoxyhaemoglobin is known as the 
haemodynamic response function, or HRF.  
 
As mentioned earlier, oxyhaemoglobin and deoxyhaemoglobin have different 
magnetic properties: oxyhaemoglobin is diamagnetic and deoxyhaemoglobin is 
paramagnetic. Therefore, the MR signal emanating from one region of the 
brain depends on the ratio of the local concentrations of these two compounds 
in the blood. Thus, fMRI visualises regions of the brain that recruit more 
oxygen during a given task. From this observation, an important inference is 
made about local net synaptic activity.   
 
It has been a moot point as to what extent the BOLD response reflects neural 
activity. However, Logothetis and colleagues (2001) carried out a series of 
seminal experiments in which they measured neural activity using electrodes 
and simultaneously acquired BOLD fMRI data in macaque monkeys. Their 
data revealed a good degree of spatial correlation between the BOLD signal 
and the neural signal in the visual cortices. As predicted, these authors also 
showed that the BOLD signal lagged behind the neuronal activity in a 
predictable, but linear manner. The temporal correlation between the BOLD 
signal and neuronal activation was stricter for short, rather than long 
presentations of stimuli (Logothetis, 2003; Logothetis and Wandell, 2004).  It 
should be noted that there are a number of neural processes that may 
contribute to the BOLD signal, and these investigators demonstrated that the 
BOLD signal predicted local field potential and multiunit activity best 
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(Logothetis et al., 2001; Logothetis and Wandell, 2004). These processes 
reflect the net input and intracortical processing of a region, as opposed to the 
output. Other studies have shown a good correlation between BOLD signal 
and neural processing in visual cortices.  
 
The exact relationship between neural activity and cerebral blood flow varies 
between different brain regions. Certain regions, for example, have a richer 
vascular bed than others, and these neurovascular interactions may be more 
closely coupled within these regions of the brain. To this end, there is some 
evidence to suggest that cognitive states may influence this relationship 
between neuronal activity and cerebral blood flow. Of note, therefore, Arthurs 
and colleagues (2004) demonstrated that a distractor task reduces the BOLD 
response to a somatosensory stimulus, but not the evoked response measured 
by electrophysiological means. These data imply that the relationship between 
neural activity and the BOLD response is not necessarily absolutely fixed or 
constant.   
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2.5 Functional localisation of brain activity using fMRI  
 
2.5.1 Phrenology and functional localisation  
Lesional studies in experimental animals, such as macaques, demonstrated 
the extent of functional localisation in the brain. It has been shown that 
lesioning premotor cortex results in deficits in visuomotor learning (Halsband 
and Passingham, 1985). Experiments in healthy volunteers have provided 
parallel findings by means of imaging techniques. Thus, the prevailing vision of 
the human brain is that different cortical and subcortical regions subserve 
different aspects of cognition. 
 
2.5.2 Cognitive Subtraction   
fMRI provides the means to assess the role of cortical areas in the healthy 
human brain. The technique relies on the premise that, by comparing brain 
activity in two tasks that may only differ in a small way, brain regions specific to 
a given task can be identified. This approach is known as the “subtraction” 
method.   
 
It is important to note that fMRI provides information about activity in one 
condition, relative to another. It does not give an absolute measurement, which 
is a handicap when compared to the measure of firing rate afforded by single 
cell electrophysiological recordings.   
  
In a standard fMRI study, there are two or more experimental conditions. 
Comparisons between conditions demonstrate differences in BOLD responses. 
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Provided that the behavioural states of contrasted conditions are appropriately 
determined, the ‘subtractions’ reveal the functional anatomy of sensory, motor 
or cognitive functions under investigation. Two assumptions are made during 
this type of subtraction (Friston et al., 1996).  
 
First, it may be assumed that there is ‘pure insertion’. The contrast reveals 
localised activity that directly reflects the behavioural difference between the 
activation and baseline tasks, without unsuspected interactions. Thus, for 
example, a contrast of listening to a list of real words to a list of pronounceable 
non-words might be interpreted as demonstrating activity associated with 
access to verbal meaning. In practice, the assumption of pure insertion would 
be unwarranted if other cognitive processes, such as auditory attention or 
episodic memory encoding of the stimuli, were dissimilar for the two sets of 
stimuli.  
 
The second assumption is that the relationship between the neural activity and 
the MRI signal is linear. A third confounding issue, which is not unique to 
functional imaging, is how to interpret a null result, particularly when study 
populations are small in size. It has to be accepted that the local absence of 
BOLD activity in an fMRI analysis cannot be used as evidence that that region 
is not involved in a particular task. 
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2.5.3 Correlations and implications on causality   
fMRI is purely a correlational technique and it is important to understand that 
the positive or negative associations which may be obtained do not necessarily 
infer causality. fMRI results have to be interpreted with some degree of 
caution. Thus, fMRI may demonstrate regions that are active during a task with 
greater or lesser statistical reliability, but activation does not imply that a region 
is germane to or essential for the performance of the task under investigation. 
To make more concrete inferences on causality requires converging evidence 
from a lesion study, either as a result of focal brain pathology or temporarily-
induced cortical dysfunction with TMS. Under certain circumstances inferences 
can be made from lesion studies in animals.   
  
2.6 Analysis of fMRI data: Statistical Parametric Mapping  
The techniques required for human brain mapping have been developed since 
the late 1980s, initially using positron emission tomography (PET) as the 
imaging medium for study. The data assessment was undertaken by creating 
specific regions of interest (ROI) and then performing analysis of variance on 
these regions across a group of subjects. This approach was obviously limited 
when there was no “a priori” hypothesis governing where ROIs should be 
placed. A major advance occurred when software became available which 
analysed the whole brain, voxel by voxel (Friston et al., 1999). These methods 
generated spatial distribution of t-values (usually transformed into z-scores) for 
each voxel: a statistical parametric map (SPM). Formulation of SPMs involved 
the use of an analysis of covariance, where global activity was treated as a 
confounding factor. The assessment of global changes, as opposed to specific 
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ROIs had two major drawbacks. One issue was to ensure that voxels in 
different subjects’ brains were identically, or at least very similarly located, 
despite the inter-individual variability in brain shape, size and distribution of 
sulci and gyri. The second issue was the problem of multiple comparisons 
when analysing many thousand of voxels distributed across the whole brain.   
  
I shall now describe the image preprocessing steps and statistical analytical 
methods that I used when analysing my data. 
 
2.6.1 Realignment and registration  
Since fMRI sequence acquisitions in my studies lasted a minimum of 12min, it 
was impossible to keep the head of each subject absolutely still. Movement of 
the head in the scanner may lead to artefacts that manifest as apparent 
‘activations’. Realignment and registration corrects for changes of head 
position between volume acquisitions. This is an important step in fMRI data 
processing because any changes brought about by head motion are likely to 
be much larger than any changes due to brain activity.  
 
Movement of the brain due to the cardiac and respiratory cycles, although a 
problem when attempting to image the brainstem or spinal cord, are thought to 
be negligible when investigating the cerebral and cerebellar hemispheres.   
  
There are a number of available approaches to registration. The shape and 
volume of the brain and the data acquired throughout the paradigm will not 
vary. Thus, a rigid body registration is appropriate to correct for head motion. 
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In SPM5, which was the software that I used in all my analyses 
(www.fil.ion.ucl.ac.uk/spm), this involved the alignment of two images using a 
6-parameter rigid-body transform. This alignment was performed by obtaining 
the rotations and transformations, which provided the optimal measure across 
the images. In SPM5, this was performed by obtaining the minimum sum of the 
squared differences between the two images. This process produced data on 
the amount and direction of head movement during the scan, relative to a 
designated volume with which all other volumes were coregistered.  
  
2.6.2 Segmentation and normalisation  
Brains vary greatly in size and shape from individual to individual. In order to 
make any inference about what region of the brain may be involved in a given 
task, it is important, first, to ensure that the same brain regions have been 
compared across subjects in a given study. Each individual data set should be 
anatomically normalised into standard stereotactic space, so that the same 
brain regions may be compared across subjects, as far as is technically 
possible.   
  
The first step in this process involves the segmentation of the structural T1 
images into grey and white matter. This process also results in the production 
of a bias-field corrected structural image and write parameters for spatial 
normalisation and inverse normalisation. These parameters can be used to 
normalise the fMRI data. Therefore, during segmentation the structural image 
is warped into standard space. During the normalisation stage, the parameters 
for this may be applied to the functional data, so that these are also in standard 
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space. Normalisation moves the data from subject standard space into a 
standardised space in order to allow comparisons across subjects. This step 
involves minimising the sum of the squares between the source and template 
images, in the same way as rigid body transformation. However, given that the 
brain anatomy of different subjects may vary in a non-linear manner, this stage 
required an affine transform using 12 parameters, rather than the 6-parameter 
rigid body transformation used for coregistration. Initially, the brain may be 
matched to the template images, followed by the affine transform that 
estimates nonlinear deformations between the two images.   
  
2.6.3 Smoothing  
There were two major reasons for smoothing fMRI data in the studies 
undertaken in my thesis. The first was to remove high frequency noise and 
increase signal-to-noise in the data. The second was, as far as possible, to 
account for imperfect anatomical normalisations due to individual variation in 
the distribution of gyri, sulci and cytoarchitectonic borders. It was possible to 
smooth fMRI data, because neighbouring voxels were not independent. The 
technique used the matched filter theorem, which dictated that using a kernel 
(size of filter) matched to the size of the expected signal would give the optimal 
signal. It worked by averaging the data in each voxel with the data in 
neighbouring voxels, which resulted in a blurring or smoothing of the data. The 
kernel dictated the shape of the function that is used to smooth the data across 
voxels. This can be any shape, but SPM5 smoothed the data using a Gaussian 
kernel, which has the shape of a normal distribution curve. The kernel was 
described in terms of the full width at half maximum (FWHM). The process of 
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smoothing took each data point in the image and at each point, a new value 
was calculated which took into account both the original data point and the 
surrounding data points using a Gaussian function.  
 
2.7 Statistical analysis of fMRI data  
In fMRI data, the effect of any given stimulus is small, compared to the 
background noise. It can be a little as a 1% change in the overall BOLD signal. 
As a result, much effort has been applied to designing statistical software 
packages that can reliably identify true physiological changes. There have also 
been publications that deal with the power of fMRI studies, and the minimum 
group size required for a particular study (Mumford and Nichols, 2008). Power 
calculations are only estimates, as predictions about effect size and variance 
within a given brain region in a particular study essentially may be unknown.  
 
2.7.1 Fixed effects vs. random effects  
A fixed effects statistical model is addressed in the first level analysis of fMRI 
data. This explores significant effects within the particular study population that 
has been studied and indicates that the same result would be evident if the 
study was repeated on the same group of subjects. The second level analysis 
uses a random effects model. The practical outcome of the much more 
stringent random effects model affords confidence that the same result would 
be found if the study was repeated in a different group of subjects with the 
same demographic profile (such as normal subjects of approximately the same 
age, for example).   
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During the fixed effects, first level of analysis of grouped data, within-subject 
variance was estimated. The second random effects level of analysis 
accounted for between-subject variance, and ensured that individual subjects 
did not disproportionately affect the result. Therefore, the random effects 
analysis accounted for the possibility of ‘outliers’ with unusually large or small 
effects. Population-level inferences could therefore be made with some 
confidence. 
 
2.7.2 Standard RFX group analysis  
I used random effects for group analysis throughout the work presented in this 
thesis in order to be able to generalise the inferences over a wider population. 
In this section, I shall outline the process of first level analysis (fixed effects on 
individual subjects which estimates the individual variance) and second level 
analysis (random effects which estimates both within- and between-subject 
variance).   
  
The first level (or fixed effects) analysis involved fitting the general linear model 
(GLM) for each individual subject. The GLM is a model of expected BOLD 
responses given the specific onsets of the experimental conditions. This model 
was specified within SPM in the design matrix. It specified the onsets and 
durations of each experimental condition in a box-car design. The model took 
into account the haemodynamic response function (HRF) and the random 
error. The HRF was a standard canonical HRF, comprised from one or more 
gamma functions. When convolved with the box-car model, this accounted for 
the delay between neural activity and BOLD response. 
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Having built the model or design matrix, the next step was to estimate the 
parameters for each subject. This stage investigated which voxels in the data 
set acted in the way predicted by the design matrix, and estimated both the 
signal and the noise (the effect and the variance). By comparing both of these 
factors during task X, compared to task Y, it could be determined which voxels 
showed a BOLD response that was significantly greater during task X, rather 
than task Y. Each effect of interest may be specified using a contrast vector, 
which produces a parameter estimate for each voxel. These may then be 
converted into 3D images, known as contrast images. Each contrast image 
represents the weighted sum of the parameter estimate for any given contrast 
(task X – task Y). The contrast images were a spatial summary of activations 
for an individual subject during the activation task relative to the baseline task.   
 
2.7.3 Thresholding and correction for multiple comparisons  
Making inferences from fMRI data typically involves comparison of large 
numbers of data points. Each data set typically may be composed of around 
200,000 z-scores (one for each voxel in the brain), which are all compared to 
one another. With such large numbers, even using a standard statistical 
threshold of p<0.01 (z= 2.33), there may be up to 2000 (1% of 200,000) 
significant voxels owing to chance alone. Therefore, this statistical issue 
requires a robust form of correction for multiple comparisons. A traditional 
method for dealing with this issue is the Bonferroni correction. However, this 
method does not take into account the fact that all the voxels of fMRI data are 
not truly independent, but display a degree of spatial correlation. In the majority 
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of fMRI data sets, the z-scores of any one voxel are highly correlated to the 
values of nearby voxels. Consequently, a standard Bonferroni correction is 
often too conservative for use on fMRI data (Nichols and Hayasaka, 2003).   
 
Within SPM5, there are three ways of correcting for multiple comparisons: 
family-wise error (FWE) and false discovery rate (FDR) or cluster-level 
correction (Friston et al., 2006). In this thesis, I have applied a correction using 
the false discovery rate for studies on normal volunteers and cluster-level 
correction for studies on patients. Whereas controlling the FWE rate, which 
uses Bonferroni and random field methods is robust at excluding Type I errors 
(false positive), the proportion of Type II errors (false negative) is unacceptably 
high (Nichols and Hayasaka, 2003). FDR correction is a compromise between 
Type I and II errors. It allows the control of the proportion of false positives 
among voxels that survive the thresholding process (Genovese et al., 2002). 
This approach takes into account the amount of signal in the data, because it 
is derived from the distribution of p-values. For example, if after thresholding 
the data, there are 1000 significant voxels, using a FDR=0.3 predicts that 700 
of those would be correct and the remaining 300 would be false positives. 
Cluster-level correction was used for the patient analyses as it is more 
sensitive than voxel-level corrections. False positives would be randomly 
spread throughout the data, whereas meaningful active voxels are likely to be 
clustered together as a result of populations of activated neurones.   
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2.7.4 Region of interest analyses  
If there is an a priori hypothesis about the involvement of a specific brain 
region, a region of interest (ROI) analyses can be carried out. This serves to 
increase the SNR and reduce the problem of multiple comparisons. In SPM, 
there is a toolbox available for this specific purpose (Brett et al., 2003). By 
defining a specific ROI, either from significant activations revealed by the RFX 
or according to anatomical criteria, it is possible to extract the mean time 
course for each voxel of the ROI in question. Standard statistical tests can then 
be carried out on these data within SPSS statistical software.   
  
It is problematic to compare main effects between ROIs, since it is not 
established that the neurovascular coupling is uniform throughout the brain. 
For this reason, ROI analyses might be considered most reliable when 
comparing the effect size within one region across tasks. However, an 
exception may be made for comparing the response in similar regions between 
hemispheres.   
  
2.8 Localisation of brain activity   
There are a number of problems with anatomical localisation of fMRI data. 
Accurate localisation relies mainly on the success of normalisation, so that 
each voxel can be allocated to a specific anatomical site with confidence (Brett 
et al., 2002). Thus, localisation to primary motor cortex is reliable as the central 
sulcus is relatively constant between subjects. This does not apply to high 
order cortices. Therefore, for example, BA9 and 46 (Brodmann area), which 
are adjacent in prefrontal cortex show considerable inter-subject variability in 
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size and distribution (Rajkowska and Goldman-Rakic, 1995).  
  
One solution to this problem is the use of cytoarchitechtonic probabilistic 
atlases to identify the location of significant activations. These atlases are 
created by comparing histological and cytoarchitechtonic analyses of post-
mortem brain slices and relating them to MR images, which are normalised 
into stereotactic space. Using the toolbox available within SPM (Amunts et al., 
2005; Eickhoff et al., 2005), any focus of activation can be attributed to a 
particular brain region with an estimate of the probability of its location. 
However, probabilistic atlases have only been created for a limited volume of 
the cerebral hemispheres.   
 
 
2.9 Functional MRI 
 
2.9.1 Experimental Design 
Throughout the work presented in this thesis, the scanning parameters were 
kept constant. MRI data were obtained on a Philips (Best, The Netherlands) 
InteraTM 3.0 Tesla scanner using dual gradients, a phased array head coil, and 
sensitivity encoding (SENSE) with an undersampling factor of 2. Functional 
MR images were obtained using a T2*-weighted, gradient-echo, echoplanar 
imaging (EPI) sequence with whole-brain coverage (repetition time, 10.0 s; 
acquisition time, 2.0 s, echo time, 30 ms; flip angle, 90°). Thirty-two axial slices 
with a slice thickness of 3.25 mm and an interslice gap of 0.75 mm were 
acquired in ascending order (resolution, 2.19 X 2.19 X 4.0 mm; field of view, 
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280 X 224 X 128 mm). Quadratic shim gradients were used to correct for 
magnetic field inhomogeneities within the anatomy of interest. T1-weighted 
whole-brain structural images were obtained in all subjects. From each 
experiment the first three volumes acquired were discarded in order to remove 
the effect of T1 equilibration. T1-weighted anatomical volume images were also 
acquired for each subject.   
 
Stimuli were presented using E-Prime software (Psychology Software Tools, 
Pittsburgh, PA) run on an IFIS-SA system (In-vivo Corporation, Orlando, FL). 
 
2.9.2 Sparse temporal sampling 
In all of the experiments described in this thesis, the technique of sparse 
temporal sampling has been used. This modification to continuous fMRI 
scanning involves short pauses in data acquisition during which behavioural 
tasks are performed. This technique has been most widely used in auditory 
fMRI studies, as it allows for presentation of auditory stimuli without 
interference from background scanner noise (Hall et al., 1999). More recently, 
it has also been proposed as a method for studying speech production with 
fMRI, minimizing speech movement-related artefact (Gracco et al., 2005).  
 
Typically, the pauses in data acquisition are of 8-12 s duration, followed by 2-
3s of a single volume acquisition. The BOLD response reaches its peak in 
auditory cortex at between 8-10 s, coinciding with the data acquisition for that 
trial (Figure 2.5). 
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Figure 2.4: Schematic of experimental design and fitted BOLD response 
during fMRI with sparse temporal scanning.  
The task is performed during an 8 second period, followed the acquisition of 
data (SCAN) over 2 seconds.  The blue line (right) shows the expected fitted 
BOLD response over one trial in a sparse fMRI paradigm. The data acquisition 
is timed to coincide with the peak of the BOLD response (adapted from Hall et 
al., 1999). 
 
 
2.9.3 Subjects  
The Hammersmith Hospital Ethics Committee granted prior local ethics 
approval for these study (REC reference number, 06/Q0406/51). All subjects 
gave prior written, informed consent according to the guidelines set out by the 
1971 Declaration of Helsinki on Human Rights. 
  
Functional data were analysed using SPM5 (Wellcome Department of Imaging 
Neuroscience, London, UK) running on MatlabTM 7.4 (Mathworks Inc, 
Sherborn, MA, USA). All functional images were realigned to the first volume 
by six-parameter rigid body spatial transformation. fMRI and structural (T1-
weighted) images were then normalised into standard space using the 
1 trial (10s) 
   
   TASK SCAN 
Signal 
Intensity 
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Montreal Neurological Institute (MNI) template. Functional images were then 
coregistered to the T1-weighted structural image and smoothed using a 
Gaussian kernel of full-width half medium (FWHM) 8 mm. First level analysis 
was performed using motion parameters as regressors of no interest at the 
single-subject level.  
 
A random-effects model was employed in which the data were corrected for 
multiple comparisons using either the false discovery rate (FDR) at a threshold 
of p < 0.05 to limit false positives (Genovese et al., 2002), or cluster-level 
correction.  
 
 
2.10 Cortical volume assessment 
AD is known to be associated with regional loss of cortical volume. The high 
resolution T1-weighted scans were therefore used to investigate regional 
cortical volumes using an automated technique that segmented the cortex into 
67 anatomical regions (Heckemann et al., 2006). The resulting output of 
individual regional cortical volumes was used as a covariate of no interest in 
anatomically-restricted data analyses.  
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3. Investigating sensory feedback systems during speech 
production  
 
3.1 Introduction 
3.1.1 fMRI of speech production 
The ultimate aim of this thesis was to study verbal memory in patients with AD 
and MCI. One important aspect of studying auditory verbal memory in these 
patient groups with memory impairment was to design a task simple and 
relevant to their everyday experience. Therefore, in order to make the 
paradigm as ‘ecologically valid’ as possible, it was important to incorporate 
spoken retrieval into the study of episodic verbal memory.  This served the 
dual purpose of allowing the study of retrieval processes alongside those also 
engaged at the time of encoding, and also provided an on-line behavioural 
measure of explicit memory during scanning. 
 
Studying speech production with fMRI can be problematic, owing to 
movement-related artefact. In this initial study, I aimed to investigate the 
feasibility of incorporating short passages of speech production into a fMRI 
study. This was achieved by modifying the scanning technique to utilise sparse 
temporal sampling (Hall et al., 1999), a technique that has been previously 
shown to be a potential way to study speech production with fMRI (Gracco et 
al., 2005). It was expected that the short pauses in data acquisition afforded by 
this method would allow for short passages of speech production free of major 
movement artefact. When such artefact is present, it is necessarily time-locked 
to the cognitive processes involved in retrieval and speech production, and 
difficult to dissociate from the neural processes under investigation.  
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3.1.2 Sensory feedback during speech production 
The prime motivation for the design of the study was to establish an imaging 
technique that could be employed in the patient population. However, it was 
important to use this study to generate novel data in their own right. Therefore, 
I developed a hypothesis about the lower-level motor-sensory processes 
involved in speech production that could be usefully investigated.  
 
The design of the study described in this chapter investigated the neural 
responses during both propositional and non-propositional speech production, 
and the resulting heteromodal sensory feedback. Speech production is a 
complex motor act, involving co-ordinated movements of the articulators and 
control of respiration. Two forms of sensory feedback result from speech: 
auditory and somatosensory feedback. This heteromodal feedback is involved 
in training the motor system during the acquisition of speech, matching 
generated speech sounds to remembered auditory templates of fluent speech 
(Doupe and Kuhl, 1999). Once trained, the system continues to rely on 
heteromodal sensory feedback in order to maintain fluency. A computational 
model of speech production known as DIVA (Directions into Velocities of 
Articulators) describes the potential contributions from feedforward (motor) and 
feedback (auditory and somatosensory) systems during speech production 
(Guenther et al., 2006; Golfinopoulos et al., 2009). According to this model, 
auditory and somatosensory responses are processed in parallel (Figure 3.1). 
Auditory feedback signal is processed in high-order auditory association cortex 
located in the superior temporal plane, within an auditory state map. 
Somatosensory feedback is directed towards a somatosensory state map in 
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the anterior inferior parietal lobe, in the second order somatosensory cortex. 
Cortical motor signals directed towards spinal and bulbar motor neurons are 
copied, as so-called “efference copies”, to auditory and somatosensory “target 
maps”. The comparison of signal in target and state maps, within auditory and 
somatosensory error maps, detects any mismatch between articulatory 
intention and execution, with correction of articulatory motor programming if 
there is a mismatch until error and state maps coincide as closely as possible.  
 
 
Figure 3.1: Directions into velocities of articulators (DIVA) model of 
speech production. A computational model of speech production (Figure 
adapted from Golfinopoulos et al., 2010), demonstrating feedforward (left) and 
feedback (right) systems. Each box corresponds to a set of neurons and 
arrows correspond to synaptic projections. Two main feedback systems of note 
are the auditory (shaded in blue) and the somatosensory (shaded in green). 
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Auditory feedback processing in this model is located in Heschl’s gyrus (Hg), 
planum temporale (PT) and posterior superior temporal gyrus (pSTg). 
Somatosensory feedback processing in this model is located in ventral 
somatosensory cortex (vSC) and anterior supramarginal gyrus (aSMG). 
Cortical motor signals are copied to auditory and somatosensory target maps. 
These are compared to the information from the actual consequence of the 
motor act contained within the state maps. This comparison occurs within 
auditory and somatosensory error maps, leading to correction of the 
articulatory motor programming if an error has occurred, until error and state 
maps coincide. 
 
Other abbreviations:  
Cau = caudate; Pal = pallidum; pIFg = posterior inferior frontal gyrus; Put = 
Putamen; slCB = superior lateral cerebellum; smCB = superior medial 
cerebellum; SMA = supplementary motor area; Tha = thalamus; VA = ventral 
anterior nucleus of the cerebellum; VL = ventral lateral nucleus of the 
thalamus; vMC = ventral motor cortex; vPMC = ventral premotor cortex. 
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Rather than these feedback responses being processed in parallel, it is 
possible that there is closer anatomical convergence. Recent studies on 
macaque monkeys have demonstrated multimodal sensory integration of 
auditory and somatosensory signals in the caudomedial area (CM) of the 
supratemporal plane (Smiley et al., 2007). In humans, this region of the 
posterior superior temporal plane (STP) is thought of as a unimodal auditory 
association cortex involved in auditory spectro-temporal analysis, auditory 
spatial discrimination and, possibly, as an auditory-motor interface (Warren et 
al., 2005). In the macaque monkey (Figure 3.2), area CM is part of the auditory 
belt, situated adjacent to the retroinsular and somatosensory cortex, and 
caudal to primary auditory cortex (Smiley et al., 2007). It has been shown to 
respond to both tactile stimulation of the limbs and auditory stimulation. 
Furthermore, injected retrograde tracers have identified likely somatosensory 
inputs to this CM region and differential connections, compared to the adjacent 
auditory cortex in macaques (Smiley et al., 2007), implying a functional 
specialisation of this CM belt region as an area of multimodal sensory 
convergence.  
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Figure 3.2:  Functional anatomy of the macaque monkey lateral sulcus.  
A diagram of the macaque supratemporal plane (STP) adapted from Smiley et 
al., 2007. Auditory cortex is labelled in yellow, somatosensory cortex in blue 
and heteromodal cortex is in red. Auditory cortex is located along the STP 
within the core, belt (caudomedial, CM; caudolateral, CL; middle medial, MM; 
middle lateral, ML; anterolateral, AL) and parabelt (anterior, APB; posterior, 
PPB) regions. Somatosensory cortex is in the anteroventral parietal lobe 
(secondary somatosensory cortex, S2; retroinsular cortex). Heteromodal cortex 
is located in the superior temporal sulcus and temporal parietotemporal area 
(Tpt). Area CM of the macaque has been identified as a site of integration of 
auditory and somatosensory signals, a site that is analogous to the 
posteromedial planum temporale of the human.  
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Some human studies of speech production have investigated the concomitant 
sensory feedback, but have focused on the nature of auditory processing 
alone, demonstrating a suppression of activity in auditory cortex (Curio et al., 
2000; Houde et al., 2002). However, a study by Foxe and colleagues (2002), 
that investigated the response of human posterior STP to either external 
somatosensory stimulation or auditory input, demonstrated activity in a region 
caudal to primary auditory cortex, both to the sound of sanding of familiar 
materials, such as wood, and to the limbs being touched by fine sandpaper 
(Foxe et al., 2002). This study indicated that auditory-somatosensory 
multimodal sensory integration may exist within human posterior STP, in a 
similar posterior region to that defined in macaque monkeys. 
 
 
3.2 Aims and Hypotheses 
There were two main aims of the study detailed in this chapter:  
 
1. The first was to test the feasibility of using fMRI to study speech 
production, given the potential confounds of movement-related artefact. 
 
To minimise this confound, it was hypothesised that using the technique of 
sparse temporal sampling, speech could be confined to short periods between 
data acquisition.  
 
The resulting activity could be compared to previous studies of speech 
production using positron emission tomography, a technique of lower spatial 
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resolution and longer data acquisition that is less sensitive to movement 
artefact (Wise et al., 1999; Braun et al., 2001; Blank et al., 2002; Awad et al., 
2007). 
 
2. The second aim was to investigate the sensory feedback systems 
during speech production.  
 
The hypothesis was that the integration of auditory and somatosensory 
responses would occur in the postero-medial superior temporal plane. The 
study design would investigate whether there was a multimodal response 
within the STP that could be dissociated from the response within the parietal 
operculum, the location of second-order somatosensory cortex.  
 
 
3.3 Experimental procedures 
 
3.3.1 Participants 
Twenty-one right-handed, native English-speaking healthy volunteers were 
included in this study (8 females, median age 26 [range 22-39] years). All 
participants gave written, informed consent. Ethical approval was provided by 
the Hammersmith Hospital Local Research Ethics Committee. The study 
conformed to the Guidelines set out in the 1975 Declaration of Helsinki on 
Human Rights. 
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3.3.2 fMRI paradigm design 
In this sparse fMRI paradigm, there were five conditions: two speech 
conditions (propositional and non-propositional speech), two silent articulatory 
movement conditions (jaw and tongue movements) and a ‘rest’ baseline 
(Figure 3.3). During propositional speech conditions (speech), subjects were 
required to define simple high frequency nouns, such as ‘car’. High-frequency 
nouns were selected from the Medical Research Council psycholinguistic 
database (Wilson, 1988).  
 
Figure 3.3: Schematic of experimental design.  
The fMRI paradigm involved sparse temporal sampling. Each condition was 
performed for 7s, while a written instruction was displayed on a visual display 
unit. The appearance of a cross-hair signalled the cessation of the task. This 
was followed 1s later by data acquisition (acquisition time – 2s). There were 
two silent articulatory movement conditions: jaw movements (‘Move jaw’) and 
tongue movements (‘Move tongue’). There were two overt speech conditions: 
defining nouns [propositional speech, (only the noun was displayed on the 
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screen, such as: ‘car’)] and counting [non-propositional speech, (‘Count 
aloud’)]. The non-movement baseline condition was rest. 
 
 
During non-propositional speech trials (count), subjects were instructed to 
count upwards from one, at a rate of around one number per second. Trials 
involving silent movement of the jaw required the subject to repeatedly open 
and close their jaw. Silent movement of the tongue involved a repetitive 
movement of the tongue from the floor of the mouth to touch the upper alveolar 
ridge and then return to the floor of the mouth again, while subjects kept their 
jaw fixed in a mid-position. Therefore, jaw movements were made 
independently of tongue movements, but tongue movements necessarily 
require synergistic contraction of jaw muscles. The fifth condition was ‘rest’, 
and during these trials subjects were instructed not to move their jaw or tongue 
and to breathe normally.  
 
All trials were initiated by a simple one- or two-word written instruction on their 
visual display screen (Figure 3.3). Subjects were trained to perform the task for 
the duration of the instruction being displayed (7 s) and to cease the task when 
the instructions were replaced by a cross-hair. One second later, data 
acquisition occurred (2 s), followed by a further period of task performance. In 
this way, task performance was always separated from data acquisition. 
Subjects were given training on the tasks outside the scanner prior to 
commencing the study.  
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All auditory output produced was recorded using a MR-compatible microphone 
integrated into ear-defending headphones (MR Confon, Magdeberg, 
Germany). Trials were arranged in pseudoblocks, each trial type being 
repeated twice before switching. There were 150 volumes, acquired across 
two runs. A high-resolution T1-weighted structural scan was acquired for 
registration of the functional scans during image analysis. 
  
 
3.4 Results 
 
3.4.1 Speech production 
Analysis of the functional data did not demonstrate typical movement-related 
artefact, such as periventricular signal, or rims of activity surrounding the edge 
of the brain in either the speech or the movement trials. Reassuringly, the 
activity during propositional speech trials corresponded reasonably well with 
previous data from the studies of speech production using PET (Wise et al., 
1999; Blank et al., 2002; Awad et al., 2007), a technique that is less sensitive 
to movement-related artefact than MRI.  
 
3.4.2 Rates of speech production 
During speech, the mean rate of syllable production was 12 syllables per 7 s 
epoch (range 4-20 syllables) and during count the rate was 7 syllables per 7 s 
epoch (range 8-12 syllables). The subjects had been pre-trained to produce 
silent movements at approximately 7 movements per 7 s epoch, during both 
the jaw and tongue trials. 
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Previous studies of speech production (Wise et al., 1999; Carreiras et al., 
2006; Riecker et al., 2006) have discussed the effect of rate of syllable 
production on activity in motor and premotor regions during articulation. In this 
study, rates of production were ranked in the following order: speech > count > 
jaw = tongue. Thus, it follows that neither the rates of production, nor the 
linguistic and semantic complexity of the tasks, were orthogonal. This was 
taken into account in the interpretation of the data.  
 
3.4.3 Activity common to jaw, tongue, count and speech 
In order to assess the convergence of activity during conditions that resulted in 
auditory and somatosensory feedback (speech and count), and those that 
resulted in somatosensory feedback alone (jaw and tongue), each task 
condition was contrasted separately with the baseline condition. Voxels that 
were commonly activated across all four contrasts were identified (Figure 3.4A 
and 3.5). There was a bilateral pattern of activity within premotor [medial and 
lateral, Brodmann area (BA) 6], motor (BA 4) and somatosensory (BA 3) 
cortex. Bilateral cerebellar activity was located in lobule IV (Schmahmann et 
al., 1999).  
 
Activity common to all four contrasts was located bilaterally along the STP, 
cortex usually regarded as unimodal auditory, despite two of the conditions 
(jaw and tongue) being silent. The activity extended from planum polare to the 
planum temporale (PT). Peaks of activity were located just lateral and rostral to 
primary auditory cortex. Further peaks of activity were located in the medial PT 
bilaterally, in a location analogous to that of area CM in the monkey brain. 
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However, the extent of the activity in STP spread from the fundus of each 
lateral sulcus (analogous to the location of retroinsular cortex in the monkey 
brain), across both medial and lateral PT and extending to planum polare, 
rostral to the location of primary auditory cortex.  
 
 
Figure 3.4: Statistical parametric maps.  
 
Sagittal (top), coronal (middle) and axial (bottom) views of the following 
analyses (n = 21, random effects analyses, FDR P< 0.01, spatial extent 10). 
Precise localization of all activated areas is detailed in the Table 3.1. 
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A: A conjunction of activity of the Speech, Count, Tongue and Jaw conditions, 
each contrasted with the Rest condition. There is a distributed network of 
bilateral motor activity, involving the medial premotor cortex, the SMA (1), the 
lateral premotor and primary sensorimotor cortex (2) and cerebellum (3). In 
addition, there was common activity along the STP, and involving the medial 
and lateral aspects of the planum temporale, which is particularly evident on 
the axial view (4).  
 
B: A conjunction of activity of Speech and Count contrasted separately with 
Jaw and Tongue. There is bilateral activity within lateral STG (5) lying in the 
region of auditory parabelt, and within motor cortex (6)  
 
C: The somatotopy of tongue movement: a contrast of Tongue against Jaw, 
demonstrating bilateral peaks (7) within primary motor cortex. 
 
 
 
The second ‘paradoxical’ finding was that although all four tasks will have 
generated somatosensory feedback, and activity was present in both left and 
right sensorimotor cortex, this did not extend to second-order somatosensory 
cortex. This was confirmed by mapping coordinates of peak activity using the 
anatomical toolbox for the left and right parietal opercula within SPM5 (Eickhoff 
et al., 2005).  
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Figure 3.5: Three networks controlling speech production. 
 
A: Colour-coded overlays of three separate analyses placed on sagittal T1-
weighted brain slices taken from a standard single subject template available 
within SPM5 (n = 21, random effects analyses, FDR P< 0.01, spatial extent 
10). Distance from the midline is indicated in millimetres. Top row: left, bottom 
row: right. 
 
B: These are plots of mean effect size, with 95% confidence intervals, taken at 
locations of peak activity:   
In red is the conjunction of activity during the Jaw, Tongue, Speech and Count 
conditions, each individually contrasted with the Rest condition. In both 
cerebral hemispheres, common activity distributed along primary sensorimotor 
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cortex within the central sulcus is contiguous with activity along the STP. Plot 
B1 shows the mean effect size at the peak of activity within the left and right 
medial planum temporale.  
 
In blue is the conjunction of activity in the Speech and Count conditions 
contrasted separately with the Jaw and Tongue conditions. Plot B2 shows the 
dissociation of activity between the overt speech conditions and the silent 
conditions involving movements of the jaw and tongue.  
 
In yellow is the contrast of the Speech and Count conditions, demonstrating 
lateral neocortical activity during propositional speech production. Activity was 
widely distributed along the length of the left STS, from the anterior temporal 
lobe to its posterior extent, and extending ventrally in the posterior left temporal 
lobe. Although there was bilateral activity, at the statistical threshold used there 
was evident asymmetry, left >> right. Activity was also extensively distributed 
throughout the left inferior frontal gyrus, including all of Broca’s area. On the 
right, there was a small focus of activity in the caudal right lateral orbito-frontal 
cortex. 
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3.4.4 Activity to speech and count relative to jaw and tongue 
In order to assess the auditory feedback associated with speech production, 
speech and count were contrasted separately with (jaw + tongue) and voxels 
that were common to both contrasts were determined. Activity was present in 
the lateral superior temporal gyrus (STG) bilaterally (Figure 3.4B and 3.5). In 
the non-human primate, this region is where lateral belt regions merge with 
parabelt cortex; a region that responds most strongly to complex sounds 
including conspecific vocalisations (Rauschecker and Tian, 2000). There was 
little or no activity in this region during the silent jaw and tongue conditions 
relative to rest (Figure 3.5B).  
 
The speech and count conditions required laryngeal motor control and speech-
related cortical control of breathing (Draper et al., 1959). In contrast, silent jaw 
and tongue movements did not interfere with normal metabolically determined 
respiratory cycle and there was no engagement of the vocal folds. The clusters 
of activity observed in sensorimotor cortex in this contrast are similar to those 
previously described for the cortical control of breathing and laryngeal control 
during speech production (Murphy et al., 1997; Simonyan et al., 2009). 
 
3.4.5 Somatotopy of the jaw and tongue 
The repetitive movement of the tongue was associated with fixation of the 
mandible, into which the tongue is inserted. A contrast of tongue against jaw 
was therefore used to isolate bilateral peaks of activity in sensorimotor cortex 
that related to the motor control of tongue movements (Figure 3.4C).  
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Figure 3.6: Activity relating to Jaw and Tongue Movements.  
A: Colour-coded overlay of the conjunction of activity in the Jaw and Tongue 
conditions, each contrasted separately with the [Speech + Count]. The overlay 
is placed on sagittal and coronal T1-weighted brain slices taken from a 
standard single subject template available within SPM5 (n = 21, random effects 
analyses, FDR P< 0.01, spatial extent 10).  There was symmetrical activation 
in three areas: (1) lateral premotor cortex; (2) the Rolandic operculum at the 
most ventral extreme of the central sulcus, extending into the dorsal insular 
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cortex; and  (3) secondary somatosensory cortex (SII) within the parietal 
operculum. 
 
B: The plots show mean activity across conditions at the peak voxels in left 
and right SII, with 95% confidence intervals, for all four conditions relative to 
the Rest condition. There was significant activity during both the Jaw and 
Tongue conditions. Activity during the Count condition was no different from 
that during the Rest condition, whereas during the Speech condition activity 
was significantly less (suppressed). 
 
 
The opposite contrast of jaw against tongue highlighted separate peaks of 
activity within sensorimotor cortex, that were dorsal and slightly medial to those 
for tongue movement, relating to the cortical control of jaw movements (not 
illustrated, see Table 3.1 for co-ordinates). However, as tongue movements 
consisted of both fixation of the mandible and repetitive movements of the 
tongue, the contrast of jaw with tongue will not reveal the full extent of jaw 
somatotopy.  These sensorimotor peaks for the jaw and tongue conditions 
were part of a much larger and overlapping activation within the left and the 
right sensorimotor cortex evoked by all four conditions.  
 
3.4.6 Activity common to jaw and tongue relative to speech and count 
Activity during jaw and tongue were contrasted separately with (speech + 
count) and voxels common to both contrasts were identified (Figure 3.6). A 
bilateral pattern of activity was observed within the parietal operculum, mid-
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insular cortex and ventral lateral premotor cortex (BA 6). Activity within the 
parietal operculum was located predominately within the human analogue of 
the monkey SII, the region labelled OP1 (Eickhoff et al., 2006), but extended 
dorsally into the postcentral gyrus. Plots of activity from this region illustrated 
that activity during count was no greater than the rest condition in this region, 
but activity during speech was significantly less than rest (left: one-sample t 
test, t(20) = -3.9, p < 0.001; right: one-sample t test, t(20) = -3.4, p < 0.01). This 
confirmed that somatosensory feedback to SII was suppressed during 
propositional speech rather than just being an attenuated response relative to 
the other conditions that required movement of the articulators.  
 
3.4.7 Speech contrasted with count 
The contrast of speech with count has been used in previous PET studies to 
highlight activity associated with formation of a verbal message, including 
access to semantic knowledge during propositional speech production (Blank 
et al., 2002; Awad et al., 2007). There was a widely distributed pattern of both 
medial and lateral activity, corresponding to that seen in the previous studies of 
propositional speech production. The lateral neocortical activity is described 
here, and is illustrated in Figure 3.5.  
 
There were three features of note: 
 
One was that activity associated with the Speech condition alone spread into 
ventral left lateral temporal neocortex, and this extended in both caudal and 
rostral directions, including widespread activity throughout the extensive area 
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37 of Brodmann (that encompasses the caudal middle temporal, inferior 
temporal and fusiform gyri). 
 
The second feature was that activity specific to the Speech condition was 
observed in the left inferior frontal gyrus. The main peak was within the rostral 
part of Broca’s area (BA 45), but there were widely distributed sub-peaks in 
caudal Broca’s area (BA 44), the lateral orbito-frontal cortex just ventral to 
Broca’s area, and the rostral insula. This activity was associated with activity in 
midline (lobule IV-V) and lateral right (Crus 1) cerebellum.  
 
The third feature was that activity in the left inferior frontal gyrus appeared to 
be strongly left lateralised, in contrast to the symmetrically distributed activity 
within the STP and lateral STG. The left lateralisation was confirmed by formal 
analysis. Data were extracted from an ROI centered on peak activity in the left 
BA 45 and the mirror voxel on the right (MNI coordinates: x = -52 and 52, y = 
26, z = 18). The mean effect sizes for the Count and Speech conditions, 
relative to the Rest condition, were entered into a 2 (hemisphere) X 2 
(condition) ANOVA. There was a weak main effect of hemisphere (F(1, 20) = 6.4, 
p <0.05),  and a strong main effect of condition (F(1, 20) = 62.7, p <0.001), with a 
strong hemisphere X condition interaction (F(3, 60) = 200.2, p <0.001). Post hoc 
paired t tests on the within-condition differences between the hemispheres 
demonstrated significance for both the Count (right > left, t(20) = 4.3, p <0.001) 
and Speech (left > right, t(20) = 7.1, p <0.001) conditions; that is, there was a 
reversal of interhemispheric asymmetry between the two conditions, with no 
between-condition difference in right BA 45 (t(20) = 1.4, p >0.1). 
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Figure 3.5 demonstrated that activity in right as well as left BA 37 was present, 
although apparently weaker on the right.  A similar analysis on ROI data from 
left and right BA 37 (MNI coordinates: x = -44 and 44, y = -32, z = -20) 
demonstrated a weak main effect of hemisphere (F(1, 20) = 6.0, p <0.05), a 
strong main effect of condition (F(3, 60) = 47.9, p <0.001), and a weak 
hemisphere X condition interaction (F(3, 60) = 5.3, p <0.05). Post hoc paired t 
tests on the within-condition differences between the hemispheres 
demonstrated no hemisphere asymmetry for the Count condition (t(20) = 1.5, p 
>0.1) but as expected, an asymmetry for the Speech condition (left > right, t(20) 
= 2.8, p =0.01).  
 
Although, as predicted from the analysis within SPM5, there was a strong 
between-condition effect in the left hemisphere (Speech > Count, t(20) = 11.5, p 
<0.001), there was also a significant between-condition effect in the right 
hemisphere  (Speech > Count, t(20) = 3.0, p <0.01). However, this was the 
result of suppression of regional activity during the Count condition relative to 
the Rest condition (one sample t test, t(20) = 2.3, p <0.05), whereas regional 
activity during the Speech condition was no different from the Rest condition 
(one sample t test, t(20) <0.1, p >0.9). These somewhat complex, and regionally 
rather different, interactions between activity during the Count, Speech and 
Rest conditions, all indicate that left, but not right, BA 45 and BA 37 responded 
to the Speech condition. 
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Conjunction of Speech, Count, Jaw and Tongue Conditions against Rest 
Condition 
Left Right Region 
x y z x y z 
SMA -2 2 62 
 
10 8 62 
-46 0 50 54 0 46 
-48 -10 38 52 -4 38 
-50 0 28 44 -4 30 
Primary Sensorimotor 
Cortex 
-54 -6 22 56 -2 22 
Lateral STG -56 -12 0 58 -12 -2 
Medial Planum 
Temporale 
 
-40 -30 12 42 -30 6 
Cerebellum -16 -58 -22 20 -16 -24 
 
Conjunction of activity in Jaw and Tongue against Speech and Count 
Left Right Region 
 
x y z x y z 
 
SII 
 
-54 
 
-20 
2 
 
22 
28 
 
58 
60 
 
-20 
-10 
 
22 
24  
Premotor cortex 
 
 
-58 
 
2 
 
34 
 
60 
 
4 
 
32 
Insula cortex 
 
-38 
 
-4 
 
8 
   
 
Somatotopy of Jaw and Tongue Movements 
Left Right Primary Sensorimotor 
Cortex  
x y z x y z 
 
Tongue vs. Jaw 
 
-56 
-56 
 
2 
2 
 
28 
28 
 
60 
60 
 
-10 
-10 
 
24 
24  
Jaw vs. Tongue 
 
-46 
 
-16 
 
36 
 
48 
 
-8 
 
38 
 
Table 3.1: Co-ordinates for peak activations in MNI space for contrasts of 
interest. (n=21, random effects, FDR P < 0.05) 
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3.5 Discussion  
In this fMRI study of speech production, I demonstrated the feasibility of 
studying speech production using fMRI with sparse temporal sampling, without 
the data being marred by movement-related artefact. In addition, I used this 
study to identify three separate subsystems within ‘unimodal’ somatosensory 
and auditory cortical areas and heteromodal temporal cortex. The responses of 
these sub-systems across conditions indicated their roles in the control of 
speech production. Three of these were distributed symmetrically between the 
hemispheres, in cortex adjacent to the lateral (Sylvian) sulcus. One further, 
predominantly left-lateralised sub-system was identified, distributed along the 
STS and part of ventrolateral temporal cortex, and extending into the left 
inferior frontal gyrus. 
 
Task-dependent propositional speech production, non-propositional speech 
(counting) and movements associated with speech production (the mandibular 
cycle of jaw opening and closure and placing of the tongue tip on the upper 
alveolar ridge) all activated, as expected, the premotor cortex (including the 
supplementary motor area), bilateral primary sensorimotor cortex and bilateral 
cerebellar regions (Blank et al., 2002; Riecker et al., 2005; Bohland and 
Guenther, 2006; Awad et al., 2007). Within the motor cortex, partial 
somatotopy was evident for the cortical control of respiration and the larynx, 
and the tongue and jaw movements. A notable feature was the absence of 
common activity within second-order somatosensory cortex (SII), although all 
four tasks will have generated somatosensory feedback. Further analysis 
demonstrated that within SII there was a strong response to repetitive tongue 
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and jaw movements. In contrast, during counting activity was no greater than 
during a rest state, and during propositional speech activity within SII was 
suppressed relative to rest. 
 
I also noted the same profile of activity within bilateral mid-insular cortex, 
probably just posterior to the central sulcus. A recent study (Bjornsdotter et al., 
2009) has demonstrated the response of posterior insular cortex to tactile 
sensation to the limbs, with tactile sensation for the arm activating a region 
anterior to that for the leg. It would appear from the present study that 
somatosensory feedback resulting from tongue and jaw movements activates 
a more anterior region still. 
 
Within a sensory cortical area, the relative contributions of feedforward 
predictive ‘corollary discharges’ from motor regions and feedback sensory 
discharges cannot be determined with the temporal resolution afforded by 
fMRI. Nevertheless, the response within SII indicated processing of the 
somatosensory consequences of non-speech movements of the articulators, 
processing which appeared absent during normal speech. Although these 
results do not exclude somatosensory self-monitoring during speech by a 
minority of neurons within SII, with suppression of activity in other neurons 
resulting in a null or negative response relative to the rest state, the profile of 
activity across conditions within SII contrasted sharply with that observed along 
the left and right STP. Despite an absence of auditory feedback during the 
non-speech jaw and tongue movements, there was a common response to all 
four conditions. This activity encompassed the caudal STP (the planum 
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temporale in the human), reaching medially to the depth of lateral sulcus, 
where second-order auditory association cortex abuts second-order 
somatosensory cortex. The results from this study indicate that the STP 
responds to both the auditory and somatosensory consequences of 
movements of the articulators. 
 
This observation is salient when interpreted in relation to the recent anatomical 
studies in the non-human primate (Smiley et al., 2007). There are direct 
projections from primary sensory cortex to retroinsular cortex (Ri), located at 
the fundus of the caudal lateral sulcus.  Projections from Ri go to the medial 
part of the caudal STP, the so-called caudomedial (CM) belt area. Area CM 
and the laterally adjacent caudolateral (CL) belt area are strongly connected. 
The result from the present study also accords with other studies, both in non-
human primates and humans, reporting somatosensory-evoked responses 
within auditory cortex in response to sensory stimuli from the upper limb (Foxe 
et al., 2000; Schroeder et al., 2001; Foxe et al., 2002; Fu et al., 2003; Kayser 
et al., 2005). Although these stimuli were externally generated, one study 
reported the effects on auditory neurons of discharges generated by self-
initiated limb movements, consequent upon trained responses to heard stimuli 
(Brosch et al., 2005). 
 
A feature disconcordant with the recent non-human primate literature on the 
location of polymodal responses within ‘unimodal’ auditory cortex is the 
extension of activity common across all four conditions into more rostral STP. 
One possibility is that the distribution of somatosensory afferents within the 
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STP is more extensive in the human. The alternative, is that the activity in the 
more rostral STP is driven predominantly by feedforward predictive corollary 
discharges (Paus et al., 1996). The latter explanation presupposes that 
movements of the articulators that are not intended by the subject to produce 
sounds nevertheless automatically generate corollary discharges to auditory 
cortex. 
 
Specialisation of the STP to bring into close anatomical proximity speech-
related auditory and somatosensory feedback serves the purpose of closely 
matching the feedback signals in time. Movements of the articulators are rapid, 
and precise matching of sound and somatosensation in time will facilitate 
precision when learning to position the articulators to generate accurate 
speech sounds. One hypothesis is that a babbling infant activates both SII and 
the STP, but as skill in speech is acquired, activity in SII becomes suppressed 
in favour of activity within the STP alone. A shift back to speech-related activity 
within SII may occur in the adult when learning a foreign language, speaking in 
the presence of an electronic delay in auditory feedback (Hashimoto and 
Sakai, 2003), and in a clinical setting, when lesions affecting the motor 
execution of articulation result in dysarthria. These hypotheses about speech-
related activation of SII can be readily tested in future studies.  
 
Recent single-cell recordings in non-human primates have presented a 
complex picture of auditory feedback processing in auditory cortex. The firing 
of many neurons in response to self-vocalisations is suppressed, below 
baseline firing rates, in accordance with the human research on relative 
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suppression of auditory cortical activity during speech. However, some of 
these neurons also demonstrate increased sensitivity to experimentally 
imposed perturbations of the auditory feedback experienced by the macaque 
monkey, indicating a role in self-monitoring (Eliades and Wang, 2008). In the 
human, these neurons may concentrate over the lateral aspect of the left and 
the right STG, which in the present study were areas that responded only 
when there was overt speech. At this site in the non-human primate, where 
lateral belt cortex merges with parabelt cortex, neurons respond strongly to 
environmentally complex sounds, including externally-generated conspecific 
vocalizations (Rauschecker and Tian, 2000). The response during overt 
speech observed in the present study, and in a previous PET study (Blank et 
al., 2002), indicates auditory processing alone, in response to the feedback 
discharges or to a combination of feedback and corollary discharges.   
 
It is probable that lexical retrieval corresponded to the activity that was 
observed in the more ventral left temporal neocortex and the inferior frontal 
gyrus (DeLeon et al., 2007). The demonstration that this signal was strongly 
left-lateralised accords with the lesion literature in terms of the localisation of 
lexical functions during speech production. The activity throughout the caudal 
middle temporal, inferior temporal and fusiform gyri (BA 37) was not observed 
in previous studies of speech production using PET (Blank et al., 2002; 
Matsumoto et al., 2004; Awad et al., 2007). Of the two factors, different 
scanning methodology and task, it would seem most likely that it is the task-
dependent retrieval of word meaning (this study) (Vandenberghe et al., 1996), 
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compared to free narrative speech during the recall of personal memories (the 
PET studies), that accounts for this difference in activity within left BA 37. 
 
In conclusion, this study has provided new insight into the functioning of the 
temporoparietal junction during self-initiated speech production. The results 
accord with new evidence that cross-modal auditory and somatosensory 
processing occurs early in ‘unimodal’ auditory association cortex. Earlier 
studies predominantly investigated externally-generated sensory experiences 
and somatosensory signal was most commonly generated from the upper 
extremity. It can be postulated that the simultaneous processing of the sounds 
and tactile sensations that accompany manipulating objects with the forepaws, 
as practised by monkeys and apes, assists learned dexterity, which accords 
with the demonstration that auditory cues contribute to the response of mirror 
neurons (Kohler et al., 2002; Keysers et al., 2003). However, in the human, the 
acquisition and maintenance of fluent speech, which relies on the processing 
of self-generated sensations arising from the articulators, is of paramount 
importance. The results from the present study indicate that it is learning-
related plasticity within the STP, with suppression of the processing of 
feedback somatosensory information in the parietal operculum that supports 
this skill. The response of the STP during speech production was 
symmetrically distributed between the cerebral hemispheres. However, there is 
a caveat. The symmetrical physiological response cannot be used to infer 
symmetry of processing. The lateralisation of propositional speech-related 
activity to higher-order lateral temporal and inferior frontal neocortex may 
modulate the function of the left STP, which in turn may result in asymmetrical 
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processing of different components of the feedforward and feedback signals 
generated during propositional speech (Wise et al., 1999; Matsumoto et al., 
2004). 
 
 
3.6 Final comments and future work 
This study of speech production has outlined fundamental aspects of sensory 
feedback during speech production. The finding of a suppression of activity in 
secondary somatosensory cortex during propositional speech production 
needs to be investigated further. It is my hypothesis that such suppression of 
activity is related to the fluency of speech production, implying that in cases 
where speech is non-fluent, for example when learning a second language, or 
as a consequence of brain injury, this suppression will not be observed. Future 
studies should investigate the sensory feedback systems in bilingualism and 
dysarthria.  
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4. Encoding of a verbal message 
 
I now turn to the memory-related experiments, involving healthy controls and 
patients with MCI and AD. In this chapter, I discuss the encoding of factual 
sentences in healthy volunteers. The analysis is designed to look at the neural 
correlates of success of encoding, based on scores of subsequent retrieval 
performance.  
 
4.1.1 Speech comprehension and episodic memory encoding 
Previous studies of speech comprehension have identified a pattern of medial 
and lateral activity in high-order association cortices associated with the 
understanding of the meaning of verbal content, its maintenance in verbal 
working memory and its encoding to a greater or lesser degree into episodic 
memory (Awad et al., 2007; Hickok and Poeppel, 2007; Binder et al., 2009).  
These studies have focused on the semantic processing of the heard verbal 
stimulus, using either passive paradigms (Scott et al., 2000; Spitsyna et al., 
2006; Awad et al., 2007), or necessitating a response based on a semantic 
feature of the stimulus (Sharp et al., 2004). Although not specifically designed 
to look at memory encoding, studies of language comprehension will involve 
an element of incidental encoding of the stimulus to episodic memory (Awad et 
al., 2007), with activity also observed in the MTL, including in the 
hippocampus.  
 
However, listening to a sentence with the explicit intention to recall the content 
after a period of distraction is likely to engage the same network of regions as 
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the studies of language comprehension (Turk-Browne et al., 2006), but with 
more purposeful engagement of MTL memory-related systems. The first stage 
of this study was therefore to investigate the neural activity during the 
intentional encoding of factual sentences, with particular reference to MTL-
based memory related activity. Defining a set of regions associated with the 
process of encoding was important for the future study of verbal memory in 
patients with AD; the response of these regions could then be assessed in 
patients with particular reference to those regions which were known to be 
affected by the disease process in AD (Braak and Braak, 1997; Buckner et al., 
2005).  
 
4.1.2 Success of encoding – the role of attention 
Although the integrity of memory systems in the brain is paramount to effective 
encoding, the maintenance of attention while listening will also have a 
profound influence on the effectiveness of verbal memory encoding (Muzzio et 
al., 2009). In everyday experience of listening to speakers, auditory attention 
fluctuates, but sustained attention will be maintained when listening to 
information for later recall in a task-dependent manner.  
 
Understanding the message conveyed by a sentence strengthens encoding in 
episodic memory, increasing the accuracy of subsequent recall (Craik and 
Lockhart, 1972; Craik and Tulving, 1975). Semantic processing is in turn 
dependent on the maintenance of auditory attention. Human functional 
magnetic resonance imaging (fMRI) studies demonstrating an effect of modal 
attention on the function of auditory cortex have used designs that focused on 
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low-level acoustic features (Petkov et al., 2004; Paltoglou et al., 2009), and 
attributed enhanced activity in association cortex to what is termed ‘selective 
attention’. At higher resolution, animal single-cell recordings have shown 
increased auditory cortical responsiveness to selectively attended auditory 
stimuli (Fritz et al., 2003; Fritz et al., 2007), with surrounding suppression in 
neurons not tuned to the target acoustic feature (Atiani et al., 2009). In 
contrast, one study on rats demonstrated a relative suppression of activity 
throughout auditory cortex during a task considered to ‘engage’ attention over 
time (Otazu et al., 2009). The authors commented that attention is not a unitary 
function, but encompasses selective attention through to overall vigilance 
(Singh-Curry and Husain, 2009).  
 
Non-selective auditory attention is of particular relevance to speech 
comprehension. Listening to a speaker engages attention sustained over time, 
but the stream of acoustic features contained within the speech signal are not 
part of the conscious experience of the listener. Attention is instead directed to 
the meaning conveyed by individual words, phrases and whole sentences. 
When listening to a series of sentences, sustained attention may fluctuate from 
moment to moment.  
 
4.2 Aims and hypotheses 
I used fMRI to study the neural activity associated with the encoding of heard 
factual sentences; a process that I expected would rely on systems involved in 
speech comprehension and episodic memory formation. I then aimed to 
investigate the hypothesis that attended speech would be associated with a 
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response in auditory cortex different from that observed in the previous human 
studies on selective auditory attention. Sentence retrieval success was used 
as a measure of the degree of attention, directed towards the sentence during 
the encoding phase.  
 
4.2 Experimental procedures 
 
4.3.1 Participants 
Thirty-one healthy, right-handed, native English speakers (12 males, mean age 
53 years [range 22 - 78]), participated after having had more than 24 hours to 
consider the patient information leaflet and after having given written, informed 
consent. Prior ethics approval was provided by the Hammersmith Hospital 
Local Research Ethics Committee. The study complied with the Guidelines set 
out in the 1975 Declaration of Helsinki on Human Rights. 
 
4.3.2 fMRI paradigm design 
Sparse temporal sampling was used to allow presentation of auditory stimuli 
without auditory interference from scanner noise and speech production with 
less movement-related artefact, as was determined in the previous experiment. 
(Hall et al., 1999; Dhanjal et al., 2008). There were three trial types: encoding, 
distractor and retrieval (Figure 4.1). The sequence of trials started with the 
encoding of a single sentence, followed by zero, one or two distractor trials, 
and finally a retrieval trial. This pattern was repeated for each sentence.  
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During encoding trials, subjects would hear a simple factual sentence that they 
were required to remember, such as ‘more than half the people in the world eat 
rice everyday’. The sentences were adapted from a children's encyclopedia, a 
source of simple, highly imageable information and recorded by a female 
speaker. The mean number of words per sentence was 12.1±0.2 (s.e.m.). 
Each sentence was scored for the number of content words present (mean 
number of content words per sentence was 5.7±0.1).  
 
 
 
Figure 4.1: Schematic of experimental design. 
The sequence of the three trial types is shown (Encoding, distractor and 
retrieval), along with the content on the visual display and the timings in 
seconds. Periods of 2 seconds of data acquisition are indicated by the ‘scan’ 
blocks in this sparse fMRI design. 
 
Subjects first heard a single sentence, which they were required to remember 
for later recall (Encoding). This was followed by a distractor trial during which 
subjects heard five single digit numbers in rapid succession (every 1.2s) and 
had to make a spoken odd or even decision for each number as they heard the 
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number (Distractor). This was followed by spoken ‘free recall’ of the sentence 
(retrieval). This sequence was repeated for each sentence. 
 
Distractor trials separated encoding from retrieval and involved subjects 
listening to five random single digit numbers in rapid succession (every 1.2 s). 
They were required to make a spoken response following each number to 
indicate whether the number was odd or even. In total, subjects would hear 
five numbers and say five words (‘odd’ or ‘even’ for each number). This 
baseline task achieved three aims:  
 
1. First, it prevented subvocal rehearsal of the previously heard sentence 
within the auditory-verbal working memory system.  
 
2. Second, this task was depended on attention to each item (number) and 
a response (saying ‘odd’ or ‘even’), and it investigated whether the 
attention required to perform this task would influence activity in auditory 
cortex differently from the attention required for sentence encoding.  
 
3. Third, this attentionally-demanding task has been shown to be an 
effective baseline for investigating memory-related activity, especially in 
the medial temporal lobes (MTL), rather than other baseline conditions 
in which baseline MTL activity interferes with the cognitive subtraction 
(Stark and Squire, 2001).  
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Subjects were unaware at the time of encoding of the number of intervening 
number trials (NT) that they would have to perform before recall. NT trials were 
followed by retrieval trials, during which subjects had 7 s of free recall to 
remember the sentence that they had heard. This sequence would then be 
repeated for the next sentence. The number of NT trials separating encoding 
and retrieval of each sentence was pseudo-randomly assigned as zero, one or 
two. Accuracy of recall was used as the behavioural measure of attention at 
the time of encoding. Scan data acquired after encoding and NT trials were 
analysed for this study, enabling the sustained attention of listening to 
sentences to be contrasted with the attention required to complete the NT.  
Importantly, the number of words (stimuli and responses) heard by subjects 
during the NT trials was no greater than those heard in the encoding trials.  
 
There were 96 encoding trials per subject across two scanning sessions. 
Tasks were performed over 7 s during which either an appropriate auditory 
stimulus was displayed (during encoding and distractor trials), or a visual cue 
was displayed to recall the sentence (during retrieval trials). The appearance of 
a fixation cross-hair signalled to the subject to cease the task. One second 
later, data were acquired, followed by a further stimulus for the subject to 
commence a further period of task performance. Auditory output was recorded 
using an MR compatible microphone attached to ear-defending headphones 
(MR Confon GmbH, Magdeberg, Germany) to assess retrieval performance.   
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4.3.3 High and low success encoding trials 
An initial analysis of all encoding trials contrasted with the baseline number 
decision condition was performed to observe cortical activity that was related 
to verbal message comprehension and encoding. For subsequent analyses, 
encoding trials were split into two groups:  
 
1. Those that resulted in high success encoding (EH)  
and 
2.  Those that resulted in low success encoding (EL).  
 
To achieve this, the recorded spoken retrieval trials were first scored according 
to the percentage of content words retrieved. The mean percentage of content 
words retrieved was then calculated for each subject.  
 
Encoding trials that resulted in a retrieval success of at least one standard 
error above the individual’s mean performance were then assigned to the EH 
group and those that resulted in a mean performance of at least one standard 
error below the individual’s mean retrieval performance were assigned to the 
EL group. Therefore EH and EL trials were normalised for each subject’s 
individual performance (Table 4.1). Overall, owing to ceiling effects, ~65% of 
all trials were classified as EH and ~25% were classified as EL. The remaining 
10% were within one standard error of the mean and were not included in the 
analyses in order to ensure the greatest separation between groups.  
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   Percentage of encoding trials 
Subject Mean percentage 
content recalled 
EH EL 
1 90.6 63.5 27.1 
2 67.5 47.9 39.6 
3 97.1 85.4 13.5 
4 91.3 72.9 22.9 
5 92.2 69.7 25.0 
6 86.0 57.3 28.1 
7 87.9 54.2 27.1 
8 96.2 62.5 16.7 
9 96.5 81.3 17.7 
10 96.7 81.3 17.7 
11 95.8 79.2 20.0 
12 96.4 82.2 16.7 
13 93.4 74.0 25.0 
14 92.9 70.8 27.1 
15 90.2 66.7 27.1 
16 81.8 49.0 33.3 
17 95.3 70.8 29.1 
18 95.9 82.3 16.7 
19 93.0 76.0 22.9 
20 96.5 83.3 15.6 
21 89.2 55.2 39.6 
22 85.4 61.5 29.2 
23 96.3 82.3 16.7 
24 94.9 79.2 20.8 
25 86.8 53.1 28.1 
26 90.0 63.5 32.3 
27 90.9 66.7 31.3 
28 97.6 84.4 14.6 
29 94.0 78.1 20.8 
30 80.1 57.3 28.1 
31 77.6 51.0 41.7 
Mean (± s.e.m.) 90.8±1.2 69.1±2.1 24.9±1.4 
 
Table 4.1: Retrieval performance data.  
 
Contains the mean percentage content recalled across all trials for each 
individual and the percentage of trials that contributed to EH and EL from each 
subject. The mean values are given on the last row (± s.e.m.). 
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The mean number of syllables per sentence for EH trials was 15.0 ± 0.1 and 
for EL trials was 15.8 ± 0.8 (Table 4.2). The number of syllables for each 
sentence was included as a covariate of no interest in the analyses of 
encoding success. In addition, the number of distractor trials separating 
encoding and retrieval was also included as a covariate of no interest in these 
analyses. The inclusion of these variables had no significant effect on the 
results. 
 
 
 EH EL 
Mean sentence length 
(sec) 
3.19 ± 0.1 3.48 ± 0.2 
Mean no. of syllables 
per sentence  
15.0 ± 0.1 15.8 ± 0.8 
Mean rate of speech 
(syllables/sec) 
4.73 ± 0.1 4.57 ± 0.2 
 
Table 4.2: Auditory stimuli – mean length, number of syllables and rate (± 
s.e.m.) 
 
 
 
4.4 Results 
 
4.4.1 Encoding performance 
Predictably, recall success was significantly greater when there had been no 
number distractor trials (95.3 ± 1.8%), although recall performance was no 
different after one (87.3 ± 4.2%) or two (86.1 ± 4.5%) distractor trials. However, 
the number of distractor trials separating encoding and retrieval was used as a 
covariate of no interest in analyses of encoding success. 
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4.4.2 Activity during encoding 
An initial contrast was performed between all sentence encoding trials and the 
numerical distractor task (Figure 4.2). This showed extensive activity in lateral 
and midline association cortices of both cerebral hemispheres. There was 
activity in the anterior temporal lobe bilaterally, spreading posteriorly on the left 
through the anterior superior temporal sulcus (STS) into the posterior middle 
and inferior temporal gyri. Bilateral activity was present in the angular gyrus 
(AG: L>R) and inferior frontal gyrus (L>R) running anteriorly and ventrally into 
orbitofrontal cortex. There was left-sided dorsolateral prefrontal (DLPFC) 
activity. In the MTL, activity was bilateral in the amygdala and anterior 
hippocampus. Running posteriorly, the activity moved into the subicular region 
at the mid MTL and into parahippocampal and fusiform gyri at the posterior 
extent. The peak of activity in the anterior MTL was in entorhinal cortex 
bilaterally, located at y=-16 (MNI). Medially, there was activity in both anterior 
and posterior cingulate cortex, and posterior midline activity extended into 
retrosplenial cortex.  
 
In addition, there was bilateral activity in the caudate, anterior insular cortex 
and left-sided medial prefrontal activity. Much of this activity has previously 
been identified in meta-analyses of both semantic processing (Binder et al., 
2009) and the ‘default mode’ network (Raichle and Snyder, 2007), the latter 
invariably being observed when ‘passive’ tasks are contrasted with explicit 
tasks requiring a decision and immediate response. Activity within the default 
mode network has also been associated with episodic memory processing 
(Buckner et al., 2005).  
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Figure 4.2: Activity during encoding. 
 
Activity from the contrast of encoding against the number distractor task, 
overlayed on sagittal (top) and coronal (bottom) sections of a single-subject 
MRI template. There is widespread activity in lateral and midline association 
cortices of both cerebral hemispheres, consistent with semantic processing 
and episodic memory encoding. (x- and y-co-ordinates shown in MNI space) 
 
 
4.4.3 High and low success encoding 
Each retrieval trial was scored according to the percentage of content words 
retrieved. The encoding trials for each subject were then separated into two 
groups relative to the subsequent retrieval success:  
 
1. high-encoding success (EH) trials 
2. low-encoding success (EL) trials.  
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Across all trials for the group, almost all content words of a sentence were 
retrieved during EH trials (99.6 ± 0.3%), with a significantly lower performance 
during EL trials (68.9 ± 2.1%; P<0.001, two-sample t-test) – see Figure 4.3b. 
 
The contrast of the EH with the EL trials (Figure 4.3c) demonstrated increased 
left-lateralized activity, at a low threshold (P <0.005, uncorrected), within areas 
implicated in semantic processing (Binder et al., 2009), with a hierarchy of 
activation magnitude EH > EL > NT.   
 
The opposite contrast, of the EL with the EH trials, demonstrated prominent 
activity in auditory cortex bilaterally (Figure 4.3d) (P <0.05, corrected for false 
discovery rate, FDR), including activation peaks in both primary and adjacent 
association auditory cortex, as determined from the anatomical toolbox of the 
auditory cortex in SPM5 (Eickhoff et al., 2005).  
 
Plots of activity in primary auditory cortex illustrated a suppression of activity in 
EH relative to EL trials, but a suppression of activity for both relative to the NT 
(Figure 4.3e): an activation hierarchy of NT > EL > EH. (See Table 4.3 for co-
ordinates of peak voxels in the regions discussed).  
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Figure 4.3: Activity during verbal encoding. 
 
Panels (a), (c) and (d) contain colour overlays of activity displayed on sagittal 
and coronal slices of a single-subject T1-weighted MRI brain template. 
Statistical thresholds are displayed. 
 
(a) Activity during encoding trials contrasted with the number task.  
(b) Bar graph of the mean content retrieved in the high success (EH - red) and 
low success (EL - blue) groups. * p < 0.001, two-sample t-test. 
(c) Activity relating to high success encoding (EH) is displayed in red (a), 
involving left-lateralized activity in BA 45 (1), anterior fusiform cortex (2) and 
angular gyrus (3).  
(d) Low success encoding (EL) is displayed in blue, involving bilateral activity 
in primary auditory and association cortex (4).  
 141 
(e) Plots of mean activity ± s.e.m. within left-sided regions of interest (Table 
S2) from the contrasts of EH against number task (red) and EL against number 
task (blue).  
 
 
EH vs. EL 
Left Right Region 
x y z x y z 
Angular gyrus -54 -54 36 
 
- - - 
Inferior frontal gyrus  
(BA 45) 
-46 38 -2 - - - 
Anterior temporal lobe -44 -4 -36 - - - 
 
 
EL vs. EH 
Left Right Region 
x y z x y z 
Heschl’s gyrus -48 -18 10 
 
48 -20 8 
 
Table 4.3: Co-ordinates of peak activations in MNI space for contrasts of 
interest.  
 
 
All encoding trials were the same except for the degree of sustained attention, 
but the measure of recall success was also influenced by decay of memory 
traces after encoding. To determine whether the effect of post-encoding 
forgetting on the behavioural measure influenced the result, a further analysis 
was performed. This included only those encoding trials followed by two 
distractor trials, when the amount of post-encoding forgetting will have been 
relatively constant. Despite the reduction of statistical power, this confirmed 
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significantly greater activity in auditory cortex during the EL than the EH trials 
(P < 0.05, FDR corrected) (Figure 4.4).  
 
 
Figure 4.4: EL against EH only including encoding trials followed by two 
NT trials. 
Colour overlay of activity during low success encoding displayed on a coronal 
slice of a single-subject brain template (P<0.05, FDR corrected). Only 
encoding trials that were followed by two distractor trials prior to retrieval were 
included in this analysis. Activity is present bilaterally in primary auditory cortex 
(1) and surrounding association cortex. The y-coordinate of the slice is shown. 
 
 
4.5 Discussion 
In this study, I have identified brain regions associated with the encoding of 
verbal memories, a process that is reliant on both semantic processing and 
engagement of regions associated with episodic memory formation. In 
addition, by classifying encoding trials on the basis of their subsequent 
memory performance for each sentence, I have identified activity associated 
with high and low encoding performance. This approach allowed me to test the 
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hypothesis surrounding the response of early auditory cortex to changes in 
sustained auditory attention.  
 
4.5.1 Encoding of verbal memories 
The neural activity that has been shown to be associated with verbal encoding 
can be separated into systems that relate to three different cognitive 
processes: 
 
1. First, a pattern of activity similar to that seen in studies of speech 
comprehension has been identified, relating to semantic processing and 
verbal working memory. These include regions such as bilateral anterior 
temporal lobe, and left-sided Broca’s area (Brodmann’s area 44 and 
45), left lateral temporal cortex and left angular gyrus (AG); regions that 
are commonly associated with understanding heard information for 
meaning (Spitsyna et al., 2006; Awad et al., 2007; Hickok and Poeppel, 
2007; Binder et al., 2009).  
 
Semantic processing is clearly essential for comprehension of the information, 
but has also been associated with more effective memory formation (Craik and 
Lockhart, 1972; Craik and Tulving, 1975). 
 
2. A second set of regions included bilateral activity in limbic and 
paralimbic structures, the hippocampus, parahippocampal cortex, 
posterior fusiform gyrus, and retrosplenial cortex. These regions are 
commonly associated with episodic memory (Dickerson and 
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Eichenbaum, 2010), but also with default mode activity (Buckner et al., 
2005; Raichle and Snyder, 2007).  
 
It is most likely that in the context of an explicit encoding task, activity within 
these regions represents a system involved in the formation of an episodic 
memory. Indeed, the main peaks within the hippocampal complex were located 
in the entorhinal cortex, the interface between the neocortex and perirhinal 
cortex and the hippocampus, receiving highly processed inputs from sensory 
modalities (Eichenbaum and Lipton, 2008). The entorhinal-hippocampal 
system is essential in episodic memory formation, disambiguating overlapping 
episodes by binding sequential events into distinct memories (Lipton and 
Eichenbaum, 2008).  
 
3. Further clusters of brain regions involved the subgenual, anterior and 
posterior cingulate cortex, bilateral anterior insula cortex, dorsolateral 
prefrontal cortex and the right as well as the left AG. Components of this 
complex constellation of regions have been dissociated into two 
separate networks involved in salience processing and executive control 
networks (Seeley et al., 2007). 
 
Anterior cingulate, insula and amygdala activity has been studied in relation to 
interoceptive (or salience) processing concurrent with the processing of 
external stimuli (Critchley et al., 2004), whereas a dorsal fronto-parietal 
network has been implicated in processes, such as sustained attention, that 
are engaged in the efficient processing of external stimuli (Seeley et al., 2007). 
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Although not related to the enquiry of the current study, it is evident that the 
particular task demand, which was placed on the subjects during verbal 
memory encoding, resulted in activity within regions involved in both of these 
cognitive networks. Simply listening to sentences to comprehend, without the 
imposition of the demand by the experimenter that these sentences be 
subsequently recalled accurately, does not activate these networks to the 
same extent. This is in comparison to other studies, which employed ‘passive’ 
listening to narratives with the same number decision task, as was used in this 
study as the baseline (Spitsyna et al., 2006; Awad et al., 2007).  
 
The knowledge that accurate subsequent recall will be required, after hearing a 
sentence clearly, activates many high-order networks that relate to explicit, 
rather than implicit verbal episodic memory encoding. Although the study was 
not designed to investigate the widely distributed midline and lateral cognitive 
networks further, their parallel activation during the apparently simple task of 
remembering a short sentence has to be borne in mind when interpreting the 
data in both the normal subjects and the patient populations.       
 
The identification of these patterns of brain activity is important in 
understanding the reasons for the impairment of episodic memory formation in 
patients with AD. One of the first regions of atrophy in AD is the medial 
temporal lobe, with early emphasis on the entorhinal cortex (Braak and Braak, 
1997), a region that I have identified as being the peak of activity within the 
anterior MTL during verbal encoding. Another region affected early in the 
course of the disease is the retrosplenial cortex (Nestor et al., 2003; Vann et 
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al., 2009), which has strong anatomical connections with parahippocampal 
cortex and the hippocampus, and again has been shown to be involved in 
verbal memory formation in this study.  
 
Other regions that may be affected by the pattern of pathology in AD include 
the lateral parietal lobes, which are involved in semantic processing and verbal 
working memory, and the frontal cortex, dysfunction of which may impair 
frontal cognitive control systems.  
 
4.5.2 Modulation of auditory attention 
In the study detailed in this chapter, I have also addressed the specific 
hypothesis regarding the response of early auditory cortex to varying degrees 
of sustained auditory attention. This study demonstrates that auditory cortical 
activity when listening to speech is strongly modulated by the feedback 
influence of the qualitatively different types of auditory attention employed by 
the listener.  
 
In the sentence trials, feedback influences of sustained attention and more 
efficient semantic processing reduced net synaptic activity in the modal input 
cortex relative to those sentences that were subsequently less successfully 
recalled. This modulation of early sensory cortex was evident even though the 
fluctuations of attention associated with the more-successfully or less-
successfully encoded sentences was not evident in the fronto-parietal 
networks typically associated with sustained attention (Singh-Curry and 
Husain, 2009). When attention was directed at unconnected single words in 
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order to make and signal a decision (in this instance, based on simple number 
semantics), activity in auditory cortex was greatest. This result was observed 
despite a difference in the rate of hearing words that might have been 
expected to result in the lowest auditory cortical activity during the NT. The 
number words were heard at approximately half the rate of hearing words 
during the presentation of sentences.  
 
During ‘passive’ listening to single words, there is a monotonic increase in 
activity in auditory cortex in response to rate up to ~100 words per minute 
(Price et al., 1992; Wise et al., 1999). The subjects heard their own responses 
during the NT task, and therefore the effective rate could be considered to 
have been approximately the same as when hearing sentences; but the 
response of auditory cortex to the sound of one’s own voice is relatively less 
than when listening to a speaker (Paus et al., 1996; Houde et al., 2002).  
 
Therefore, the difference in activity in auditory cortex, namely single numbers > 
sentences, cannot be attributed to rate, and reflects the modulatory effect of 
the nature of attention required to perform the NT. The further difference in 
activity, less successfully encoded sentences > successfully encoded 
sentences, indicates a strong modulatory influence of sustained auditory 
attention, with the counterintuitive observation that the greater the sustained 
attention to sentence meaning the lower the activity in the modal input cortex.  
 
One may speculate that, as in the animal study of Otazu and colleagues 
(2009), a sub-population of auditory neurons demonstrated task-related 
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increased activity during the successfully encoding of sentences, with 
extensive surrounding inhibition resulting in net reduced activity visualized at 
the spatial resolution of fMRI. 
 
Previous human fMRI studies of auditory attention have focused on directing 
auditory attention to specific acoustic features of simple auditory stimuli such 
as high and low frequency bands (Paltoglou et al., 2009). These studies report 
an increase in activity in auditory cortex during conditions requiring selective 
auditory attention relative to passive listening. In contrast, auditory attention 
during sentence comprehension and encoding requires the maintenance of 
attention across time, when the processing of speech-specific acoustic 
features is highly automatic (Davis and Johnsrude, 2007) and the kind of 
attention required is sustained to allow the listener to capture meaning 
conveyed both by individual words and their relationship to one another. This 
in turn results in more efficient encoding to episodic memory.  
 
Therefore, this process differs qualitatively from previous studies of selective 
auditory attention, when periodic low-level acoustic features had to be detected 
(and a motor response made to their presence), with little or no engagement of 
declarative memory systems. 
 
This is the first study to demonstrate such major influences of different forms of 
attention on auditory cortex. These findings raise issues about the relative 
roles of deficits in auditory processing and auditory attention on the 
behavioural impairments observed in patients with degenerative dementia. For 
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example, in Alzheimer’s disease the impairment of episodic memory formation 
is usually attributed to disease of medial temporal lobe (MTL) memory 
systems, but disease-related impaired sustained auditory attention may 
influence appropriate auditory processing of verbal stimuli, which requires an 
overall suppression of auditory activity.   
 
Thus, a potential hypothesis that can be drawn from these investigations is that 
poor encoding may relate to a subtle impairment of perception and recognition 
when attention has to be sustained across span word lists and sentences.  
 
4.6 Conclusions and Future Work 
This study has identified distributed activity relating to the encoding of heard 
information. More specifically, it has identified regions associated with 
encoding performance. Many of these activated regions were to be expected, 
both from clinical neuropsychological studies and previous functional imaging 
studies on normal subjects. It was of interest to observe the widespread 
midline and lateral networks engaged by the explicit knowledge that encoding 
would be followed by a request for explicit and accurate retrieval.  
 
An entirely novel result was the response of the auditory cortex. Future studies 
should investigate the responses of early auditory cortex to fluctuations in 
sustained auditory attention using high-resolution fMRI. It is possible that 
although I have shown a relative suppression of activity in trials where 
attention was better maintained, at a higher resolution the response of a sub-
population of neurons may be enhanced alongside surrounding suppression of 
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activity. 
 
Further, this work has generated new hypotheses for the investigation of verbal 
encoding in patients with AD. In addition to the damage to MTL-memory 
systems, there may be a subtle impairment of perception when auditory 
attention has to be maintained, both of which contribute to the decline of verbal 
memory in this patient group.  Other regions associated with verbal encoding 
that are within areas of damage in patients with AD are likely to be affected, 
such as the MTL and retrosplenial cortex, leading to impaired episodic memory 
function.  There is also frontal pathology in AD patients, which may result in 
dysfunction of frontal cognitive controls. I shall describe my investigation of 
these various issues in the next chapter. 
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5. Verbal encoding in MCI and AD 
 
 
5.1 Episodic memory encoding in MCI and AD 
An impairment of verbal memory is one of the first symptoms noticed by 
patients with early AD. As discussed in the previous chapter, encoding of 
heard verbal information is reliant on maintenance of auditory attention and 
memory-related processing involving limbic structures, a process that is 
strengthened by the understanding of the meaning of the information.  
 
Previous studies of episodic memory encoding have consistently found a 
reduction in the magnitude of activity in the MTL of patients with AD 
(Rombouts et al., 2000; Dickerson et al., 2005; Pariente et al., 2005; Celone et 
al., 2006), a finding that has been replicated in studies of default mode activity 
in patients with AD (Greicius et al., 2004). This finding is consistent with the 
pattern of pathology in AD, affecting the MTL early in the course of disease 
with resultant neuronal loss and atrophy (Braak and Braak, 1997). However, 
some have argued that these differences in MTL activity in the comparison of 
AD patients to healthy age-matched controls, may be confounded by the 
relative degree of atrophy in this region, as a consequence of disease-related 
neuronal loss in AD (Johnson et al., 2000; Sandstrom et al., 2006). These 
studies report a positive relationship between the magnitude of activity and the 
degree of atrophy in specific regions. This correlation may represent a 
presumed compensatory increase in the remaining limbic tissue, but may 
equally represent an artefact as a result of warping atrophic brains to template 
space. It is therefore desirable to account for the atrophy in the comparison of 
patients with controls, in either the analysis or interpretation of the data.  
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The response of the hippocampus in MCI patients has been inconsistent, 
possibly due to differences in selection criteria (Small et al., 1999; Machulda et 
al., 2003; Dickerson et al., 2004; Dickerson et al., 2005; Johnson et al., 2006). 
However, recent studies of patients that have been classified specifically as 
‘amnestic’ MCI have demonstrated the opposite response to that seen in AD 
patients. These studies report an enhancement of activity in the hippocampus 
during memory-related tasks in MCI patients, compared to healthy controls 
(Dickerson et al., 2005; Celone et al., 2006). The explanation may be a 
‘compensatory’ increase in activity, secondary to the increased effort these 
patients make, consistent with their insight into their mild memory dysfunction.  
 
Closely connected to the MTL is the retrosplenial cortex, a region that has 
been widely associated with episodic and spatial memory (McDonald et al., 
2001; Svoboda et al., 2006; Vann et al., 2009), the default mode network of the 
brain (Raichle and Snyder, 2007) and semantic processing (Binder et al., 
2009). It has close connections with the parahippocampal gyri, hippocampus, 
anterior thalamic nuclei, parietal cortex and dorsolateral prefrontal cortex 
(Vann et al., 2009). Positron emission tomography studies of cortical glucose 
metabolism have identified the retrosplenial cortex as one of the first cortical 
regions to display reduced glucose metabolism in patients with AD (Minoshima 
et al., 1997) and MCI (Nestor et al., 2003), suggesting its importance in 
episodic memory dysfunction in these disease states. Given the associated 
cortical volume loss in this region in early AD (Pengas et al., 2008), it is 
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probable that this reduced function is related to local disease related damage 
rather than secondary to damage in the closely connected MTL.  
 
In addition to the limbic and paralimbic regions associated with episodic 
memory impairment, differences have also been found between AD patients 
and controls in frontal regions during verbal encoding. The encoding of read 
words (Remy et al., 2005) and heard words (Peters et al., 2009), both resulted 
in reduced activity in the left IFG of patients with AD compared to controls. In 
MCI patients, studies of word reading have shown both a presumed 
compensatory increase in activity in prefrontal cortex (Clement et al., 2009), 
and a loss of correlation between activity within left ventrolateral PFC and 
memory performance in patients with AD, compared to controls (Dannhauser 
et al., 2008). The latter finding was thought to indicate reduced semantic 
processing in MCI, resulting in less effective encoding.  
 
Frontal cognitive control systems are also likely to be damaged in AD, and 
possibly in MCI. A MRI study investigating white matter tract integrity in 
patients with amnestic MCI and AD has shown an impairment of frontal 
executive control on neuropsychometric assessment, which was associated 
with changes in frontal and parietal periventricular white matter integrity (Chen 
et al., 2009). Damage of frontal executive function is likely to have 
consequences on many cognitive tasks, such as the clock-drawing task, which 
is commonly used to assess patients with neurodegenerative disease and is 
impaired in AD, owing to difficulties with frontal executive function as well as 
visuospatial impairments (Thomann et al., 2008). It is likely that this 
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dysfunction of frontal cognitive control systems will have an impact on verbal 
episodic encoding, as activity in both the salience and executive frontal 
networks (Seeley et al., 2007) has been shown to be involved in explicit verbal 
encoding in the study on healthy volunteers presented in the previous chapter 
of this thesis.  
 
Hence, the previous literature implicates widespread changes in neuronal 
activity during episodic encoding in patients with AD, involving the temporal, 
parietal and frontal cortices. These observations accord with the classical 
diffuse distribution of pathology associated with the disease (Braak and Braak, 
1997; Buckner et al., 2005). It is therefore likely that other cognitive processes, 
such as auditory attention and frontal cognitive control, which are associated 
with verbal memory encoding, may also be disrupted early in the course of 
dementia.  
 
5.2 Aims and Hypotheses 
1. In this study, I intended to investigate the differences in neural activity 
during a verbal encoding task in patients with MCI and AD, compared to 
age-matched and education-matched healthy controls.  
 
2. I hypothesised that this comparison would show a reduction of activity in 
memory-related regions of the MTL and the medial parietal cortex in 
AD, consistent with their pattern of disease.  
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3. In the MCI group, I expected a compensatory increase in activity in the 
MTL based on previous reports.  
 
4. In addition to whole-brain analyses, I intended to perform regional 
anatomically based analyses of the MTL and medial parietal cortex, on 
the basis of my a priori hypotheses, based on previous data.  
 
The design matrices of these analyses were designed to include the regional 
cortical volumes for each participant as a covariate of no interest, in order to 
minimise confounding effects of atrophy in those regions of greatest damage in 
AD.  
 
5. Furthermore, I aimed to investigate the differences in neural correlates 
of encoding success in the patient verses control groups. I intended to 
test the hypothesis that the attentionally-driven top-down modulation of 
activity in early auditory cortex that I demonstrated in healthy controls 
was altered in AD, owing to their widespread fronto-parietal pathology, 
potentially adding to their memory impairment.  
 
6. In addition, I aimed to investigate the response of frontal cognitive 
control systems during verbal encoding in patients, compared to healthy 
controls. I expected that the response of these frontal systems would be 
attenuated or impaired in patients, associated with the reduction in 
memory encoding performance in patients.  
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5.3 Experimental procedures 
 
5.3.1 Participant selection 
Patients were mainly recruited from memory clinics at the Royal Free and 
Charing Cross Hospitals, London, UK. Three patients were also referred from 
the National Hospital of Neurology and Neurosurgery, London, UK. All patients 
had a full neurological assessment including a detailed history, screening 
blood tests, neuroimaging and neuropsychometric assessment, as is standard 
practice to reach a diagnosis of either AD (National Institute of Neurological 
and Communicative Disorders and Stroke and the Alzheimer's Disease and 
Related Disorders Association criteria) or MCI (Morris et al., 2001) before 
being recruited to this study. The diagnosis of amnestic MCI was based on the 
finding of a mild isolated deficit in episodic memory function in the presence of 
preserved general cognitive and functional abilities, with no other neurological 
or metabolic explanation, but in the absence of a diagnosis of AD. Patients 
with milder AD were selected (MMSE > 18), who were naïve to cholinesterase 
inhibitors, and only if they were able to fully understand and participate in a 
practice fMRI paradigm. Ethics approval was provided by the Hammersmith 
Hospital Local Research Ethics Committee. All patients were deemed capable 
of giving informed consent by their supervising clinicians and their carers. All 
patients had at least 24 hours to read and digest the patient information leaflet 
with their carers before signing the consent form. The study conformed to the 
guidelines set out in the 1975 Declaration of Helsinki on Human Rights. 
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Once recruited to the study, patients underwent further cognitive assessment 
on both a Mini Mental Score Examination (MMSE) and the Addenbrooke’s 
Cognitive Examination (ACE). The resulting participant groups were made up 
as follows: 
 
i. AD: Eighteen right-handed, native English-speaking patients with AD (9 
males, mean age 66.8 years [range 57-80 years]) participated after giving 
informed written consent. Their mean length of formal education was 14.1±0.8 
years (s.e.m.). Their mean MMSE score was 23.8±0.7 (s.e.m.) out of 30 and 
their mean ACE score was 71.1±2.4 (s.e.m.) out of 100.  
 
ii. MCI: Eighteen right-handed, native English-speaking patients with MCI (14 
males, mean age 64.9 years [range 50-80 years]) participated after giving 
informed written consent. Their mean length of formal education was 14.7±0.7 
years (s.e.m.). Their mean MMSE score was 27.9±0.2 (s.e.m.) out of 30 and 
their mean ACE score was 85.8±1.5 (s.e.m.) out of 100. 
 
iii. Healthy Controls: Eighteen right-handed, native English-speaking healthy, 
cognitively-normal control subjects (a subset of the group reported on for the 
healthy volunteer study) (7 males, mean age 64.1 years [range 56-80 years]), 
participated after giving informed written consent. Their mean length of formal 
education was 15.1±0.7 years (s.e.m.). 
 
There was no significant difference in the ages or years of education of any of 
the groups. 
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5.3.2 fMRI study design 
Patients performed the same fMRI verbal memory design as has been 
previously described in the chapter on healthy controls (Chapter 3). Patients 
underwent a period of training on a practice paradigm outside the scanner until 
they were confident in the procedure. The scanning was split into two sessions 
in order to prevent the patients tiring, resulting in a drop in co-operation and 
performance.  
 
5.3.3 Data analysis 
Data analyses were performed within SPM5, as previously described in the 
last chapter. Between-group differences were investigated by t-test 
comparisons of the second-level activity. The results were reported at the 
threshold of p< 0.05, cluster corrected for multiple comparisons.  
 
ROI data were extracted from regions identified in these comparisons for 
illustrative purposes using the MarsBaR toolbox within SPM5 (Brett et al., 
2003).  
 
Based on a priori hypotheses, further analyses were performed that were 
anatomically restricted. The first region was the medial temporal lobes, both 
left and right. The anatomical masks were produced from the MTL-based 
anatomical toolbox within SPM5 (Amunts et al., 2005; Eickhoff et al., 2005), 
including all subdivisions of the MTL.  
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The mask for the second region, the medial parietal lobe, was created using 
the Harvard-Oxford cortical atlas within FSL-view (www.fmrib.ox.ac.uk/fsl), 
which includes the posterior cingulate, retrospenial and the precuneus cortices 
(both left and right). Given that these regions are known to be sites of localised 
atrophy in AD, the regional cortical volume of each individual was included as 
a covariate of no interest in these analyses. Regional cortical volumes were 
calculated for all individuals using an automated MRI brain segmentation 
technique (Heckemann et al., 2006) on the high-resolution T1-weighted images 
acquired. 
 
 
5.4 Results 
 
5.4.1 Encoding activity in each group 
The encoding activity in healthy controls has already been discussed in the 
previous chapter. For the comparison of encoding between patients and 
healthy controls, an age- and education-matched subset of the original 31 
participants was used.  
 
The activity during encoding in this smaller subset group of healthy controls in 
the contrast of encoding with the baseline number condition displayed a similar 
pattern of activity to that seen in the previous chapter (Figure 5.1).  
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Figure 5.1: Encoding activity in each group. 
 
Activity during encoding contrasted with the number decision baseline task in 
each of the 3 groups: healthy controls (top, blue), MCI (middle, green) and AD 
(bottom, red). The activity is displayed at a threshold of p<0.05, corrected for 
false discovery rate, overlayed on sagittal and coronal slices of a standard T1-
weighted MRI template brain. The x- and y-coordinates are indicated in MNI 
space. 
  
The activity in this smaller (18 subject) age-matched and education-matched 
control group was similar to that seen in the larger study of healthy controls 
(Chapter 3). In comparison, the MCI group shows less activity in the medial 
parietal cortex. The AD group appears to have less activity in the medial frontal 
and parietal cortex and in the right hemisphere. 
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Visual inspection of encoding activity in MCI patients again broadly 
corresponded with that of the healthy controls. However, of note, there was no 
activity in the thresholded maps in the medial parietal lobe of patients with 
MCI, but there appeared to be greater activity in the MTL. The pattern of 
activity was very much attenuated in patients with AD. The left lateral temporal 
and parietal activity was present; however, activity in the MTL was much 
attenuated and restricted to the left side. There was no activity on the 
thresholded maps in the right hemisphere or the frontal and medial parietal 
lobes. In order to more clearly evaluate these differences, a statistical 
comparison of the activity between groups was carried out as the next step.  
 
 
5.4.2 Differences in encoding activity in patents compared to controls  
 
Whole-brain Analyses 
All encoding trials were contrasted with NT and t-tests were performed 
between groups to outline regions of significant difference in activity. All whole 
brain analyses were cluster corrected and reported at p <0.05. The comparison 
of controls and AD patients revealed greater activity for controls in the anterior 
cingulate cortex, right anterior insular and orbitofrontal cortex, and bilateral 
basal ganglia (Figure 5.2). Lowering the threshold (p <0.005, uncorrected) 
confirmed that activity below the stringent statistical threshold was also present 
in left orbitofrontal and insular cortices. A similar pattern of activity was seen 
for the comparison of MCI > AD. There was no significantly greater activity in 
MCI or AD above the control activity on the whole brain analyses. Plots of 
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effect size from ROI, centred around voxels of peak activity within these active 
regions, illustrated a similar response within the anterior cingulate in both 
controls and MCI groups, but showed reduced activity in AD. Within the right 
OFC and insular cortex, the trend was controls > MCI > AD.  
 
    
Figure 5.2: Comparison of encoding activity between groups. 
 
Results of statistical comparison of activity between groups, overlayed on 
coronal and sagittal sections of a single subject MRI template. The comparison 
of control > AD is in blue and MCI > AD is in green. The bottom panel contains 
graphs of mean effect size (±s.e.m.) in each group (blue – healthy controls; 
green – MCI patients; red – AD patients) from regions of interest centred 
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around peak voxels of difference in activity between groups, situated in the 
anterior cingulate (1), right orbitofrontal cortex (2) and left insular cortex (3). All 
comparisons reported at p< 0.05, cluster corrected. 
 
 
 
Anatomically restricted analyses 
Based on my a priori hypotheses regarding activity in the MTL and medial 
parietal cortex, two regional analyses of activity were performed for the 
hippocampi (both right and left), and medial parietal cortex (Figure 5.3). Given 
the disease process is associated with regional atrophy in these regions, 
values of each individual’s cortical volume of these specific regions was 
included as a covariate of no interest in these analyses.  
 
First, the analysis restricted to the medial temporal lobes is reported. In the 
comparison of AD patients and controls, activity was greater in controls in the 
left posterior parahippocampus and the right entorhinal cortex. The activity in 
the right entorhinal cortex was at the same location (at y = -16, MNI) as that 
defined in the analysis of encoding in healthy volunteers in Chapter 3. 
Although not identified in this analysis, plots of activity from a spherical ROI in 
the left entorhinal cortex taken from the peak co-ordinate identified in the 
analysis of healthy volunteers at (y = -16), demonstrated a similar pattern of 
reduced activity in AD. The MCI group showed increased activity in the left 
entorhinal cortex and parahippocampus, compared to both controls and AD 
patients. On the right, activity in the entorhinal cortex was no greater in 
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magnitude than in healthy controls. A comparison of MCI > controls showed a 
greater spatial extent of activity in the left and right MTL.  
         
Figure 5.3: Anatomically restricted analyses of the difference in encoding 
activity between groups. 
 
Differences in activity in left and right hippocampus in the comparison of 
Controls > AD are displayed in blue and in the comparison of MCI > Controls 
are displayed in green. Analyses were performed of the left and right 
hippocampus and the medial parietal cortex. Plots of activity show the mean 
effect size (±s.e.m.) in each group (controls – blue; MCI – green; AD – red) at 
regions of interest centred around peak voxels of difference between groups in 
the left posterior parahippocampal gyrus (1), right entorhinal cortex (2), 
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retrosplenial cortex (3), left posterior parahippocampal gyrus (4) and right 
hippocampus (5). In addition, data were extracted from the left entorhinal 
cortex of each group at the co-ordinates of peak activity in the healthy control 
group. The y-co-ordinates for each slice are shown at the bottom of each 
image. Comparisons are displayed at p< 0.005, uncorrected. 
 
 
5.4.3 Separation of encoding trials based on subsequent retrieval performance 
The encoding trials were split for each individual across groups in the way 
described in the last section on healthy controls. In the AD group, the mean 
performance (± s.e.m.) in the high success (HS) trials was 71.3±4.4%, and in 
the low success (LS) trials was 13.5±3.1%, resulting in a mean percentage of 
HS trials (± s.e.m.) being 45.0±1.9% and LS trials being 46.3±2.5% per 
individual.  
 
In the MCI group, the mean performance (± s.e.m.) amongst HS trials was 
94.2±2.1%, and in the LS trials was 48.9±5.4%, resulting in a mean percentage 
of HS trials (± s.e.m.) being 59.4±2.5% and LS trials being 32.6±2.1% per 
individual. 
 
In the matched control group, the mean performance (± s.e.m.) amongst HS 
trials was 99.5±0.4%, and in the LS trials was 66.5±3.2%, resulting in a mean 
percentage of HS trials (± s.e.m.) being 69.2±3.0% and LS trials being 
24.8±1.7% per individual (Table 5.1).  
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Mean percentage subsequent 
retrieval performance  
Mean percentage of trials  
HS LS HS LS 
Control 99.5±0.4 66.5±3.2 69.2±3.0 24.8±1.7 
MCI 94.2±2.1 48.9±5.4 59.4±2.5 32.6±2.1 
AD 71.3±4.4 13.5±3.1 45.0±1.9 46.3±2.5 
 
Table 5.1: Performance and trial numbers in the high and low success 
groups.  
The mean percentage content retrieved in the high (HS) and low (LS) success 
groups (±s.e.m.) and the mean percentage of trials in HS and LS groups 
(±s.e.m). Within each group the difference between mean performance scores 
of the HS and LS groups was significantly different (P<0.001).  
 
5.4.4 Differences in encoding success-related activity 
In order to define cortical regions that show a significantly different encoding 
performance-related response between groups, the contrast of high and low 
encoding success was compared across groups (Figure 5.4).  Encoding 
success was based on the subsequent retrieval performance for each 
sentence. These analyses were performed in order to identify regions where 
there was evidence for either cortical dysfunction resulting in encoding 
performance failure, or of increased activity that might be interpreted as a 
‘compensatory’ response to maintain encoding success. 
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Figure 5.4: Encoding success-related differences in activity between AD 
and control groups. 
 
Regions of significant difference in encoding success-related activity between 
AD and control groups overlayed on a sagittal and two coronal slices of a 
standard single-subject MRI template (the x- or y-co-ordinates of the slices in 
MNI space are given under the slices). The graphs display the mean effect 
size of activity from regions of interest, centred around voxels of peak 
difference for the high and low success trials of each group (controls – blue; 
MCI – green; AD – red: darker shades are for high success trials and lighter 
shades are for low success trials). The regions of difference include the left 
posterior lateral temporal cortex (1), the left superior temporal gyrus located at 
early auditory cortex (2) and the left posterior fusiform gyrus (3). All 
comparisons are displayed at P< 0.05, cluster corrected. 
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In the comparison of the AD group with controls, there was a significant 
difference in the response of the left early auditory cortex (including both 
Heschl’s gyrus and surrounding auditory association cortex), the left 
parahippocampal cortex and the left posterior MTG to changes in encoding 
performance.  
 
ROI data of activity centred around peak voxels within these regions were 
extracted from each group. Within the left auditory cortex, I had previously 
described a relative suppression of activity associated with successful 
encoding in healthy controls. The profiles of activity again showed this pattern 
in the matched control group and further illustrated that this pattern was also 
present in the MCI group. The AD group, however, showed no suppression of 
activity in the encoding trials that were subsequently well recalled, relative to 
those that were less well remembered. In the left posterior fusiform cortex, 
activity was greater in the low success encoding trials, compared to the high 
success in the control group. The opposite was true in the AD group, with 
lower activity in encoding trials that were subsequently less well remembered.  
 
In the comparison of MCI patients and controls (Figure 5.5), the significant 
differences in the response to encoding success were located in the left medial 
parietal cortex, including retrosplenial cortex, and in the left lateral parietal 
cortex, specifically located in the dorsal half of the angular gyrus and the 
anterior part of the supramarginal gyrus. 
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Figure 5.5: Encoding success-related differences in activity between MCI, 
and control and AD groups. 
 
Regions of significant difference in encoding success-related activity between 
MCI, and control (left) and AD (right) groups overlayed on sagittal and coronal 
slices of a standard single-subject MRI template (the x- or y-co-ordinates of the 
slices in MNI space are given under the slices). The graphs display the mean 
effect size of activity from regions of interest, centred around voxels of peak 
difference for the high and low success trials of each group (controls – blue; 
MCI – green; AD – red: darker shades are for high success trials and lighter 
shades are for low success trials). The regions of difference include the left 
supramarginal gyrus (1), the left angular gyrus (2) and the left medial parietal 
cortex, including the retrosplenial cortex (3). All comparisons are displayed at 
P< 0.05, cluster corrected. 
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Both the left lateral parietal regions showed little activity in relation to the NT in 
controls. They were not visualised in the analysis of all 31 control subjects 
presented in the previous chapter, and left lateral parietal activity in these 
subjects was only evident in the ventral angular gyrus. The dorsal angular 
gyrus was recruited in MCI patients in order to successfully encode sentences, 
with activity no greater than baseline for sentences less successfully encoded. 
In AD patients, this same region was also recruited, but the effect size was not 
sensitive to the subsequent success at retrieval. The response in the anterior 
supramarginal gyrus was more complex still, being weakly activated relative to 
the NT in controls and weakly deactivated in the MCI and AD patients.  
 
In the retrosplenial cortex, the increased activity during encoding did not differ 
with performance in the control group, and in AD patients activity was much 
reduced. In the MCI patients, the regional activity was intermediate between 
controls and AD patients; in addition, there was a significant effect of encoding 
success, with a decline in activity to no greater than baseline for the sentences 
that were less successfully encoded.  
 
5.5 Discussion 
In this study I have highlighted several findings in the comparison of encoding 
of heard factual sentences between patients with AD and MCI compared with 
healthy matched controls. First, with regards to the response of the MTL, a 
region affected early in the disease process, I have demonstrated an 
attenuated response of the hippocampus and parahippocampal cortex in AD 
patients compared to controls or MCI patients. This finding is consistent with 
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the previous reports of MTL activity in AD during a variety of memory related 
tasks (Rombouts et al., 2000; Dickerson et al., 2005; Pariente et al., 2005; 
Celone et al., 2006). However, in MCI patients compared to controls or AD 
patients, there was a greater response within regions of the left MTL, both in 
terms of magnitude and spatial extent. This finding provides further evidence 
for greater activity of the MTL in patients with MCI. Although this has been 
interpreted as reflecting a ‘compensatory’ mechanism in the face of mild 
memory impairment, this is to equate an increased BOLD response with 
greater ‘effort’ in an attempt to generate a successful behavioural outcome.  
 
An alternative explanation is that the greater activity is the result of more 
diffuse, less efficient processing in a partially damaged local neural network, 
expressed behaviourally as less reliable encoding of the verbal stimuli. On this 
account, efficient normal processing is associated with a certain optimal level 
of net synaptic activity, but with progressive disease there is initially greater, 
but less efficient net synaptic activity, before eventual decline in both activity 
and performance as the disease advances. 
 
By contrast, within the medial parietal cortex, another region that has been 
associated with early functional changes in AD, there was a diminished 
response in patients with MCI and further in patients with AD. This pattern of 
reduced activity associated with severity of cognitive impairment is also 
associated with a reduction in overall encoding performance across the 
groups. This more intuitive profile of a stepwise reduction in cortical response 
accompanying a progression of decline in memory performance contrasts with 
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the response in hippocampus, with the initial ‘hyperactivity’ with mild 
impairment. 
 
There were, in addition, evident differences between patients and controls in 
frontal regions during the encoding phase (Figure 5.2). These were distributed 
between anterior and sub-genual regions of the cingulate cortex, medial and 
lateral orbito-frontal cortex and the insular cortex. Although there was apparent 
lateralisation to the right in some of these regions, this was an effect of 
statistically thresholding the images, as symmetrical bilateral activity was 
evident at a lower statistical threshold (P < 0.005, uncorrected). There was 
greater activity in these regions in controls compared to either patients with 
MCI or AD, the activity in MCI lying between that of controls and AD patients in 
the orbitofrontal and insular cortices.  
 
This group of cortical regions has been associated with emotional and 
motivational processing. Specifically, a previous study of patients with AD has 
demonstrated a correlation between atrophy in right-sided ventral anterior 
cingulate cortex, extending to ventromedial PFC, insular cortex and amygdala, 
with behavioural disorders, such as apathy (Rosen et al., 2005). This 
observation accords with the result I have detailed in this chapter, the 
implication being that patients with AD have a lack of motivation secondary to 
disease-related changes in the frontal lobe; changes that are evident even 
within the mildly affected MCI group.  
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The analyses of the response to encoding performance differences 
demonstrated an altered cortical response in patients and controls within early 
auditory cortex and parahippocampal cortex in AD patients, and within the left 
medial and lateral parietal lobes in MCI patients.  
 
The relative suppression of activity within early auditory cortex associated with 
greater encoding success that I initially demonstrated in healthy subjects, has 
been replicated in patients with MCI, but was not present in patients with AD. 
This performance-related modulation of activity in early auditory cortex was 
associated with greater activity within declarative memory systems, 
representing a top-down modulation on early perceptual cortex in response to 
varying degrees of sustained attention. Therefore, the lack of this suppression 
in patients with AD would suggest an impairment of the systems responsible 
for maintaining auditory attention while listening to speech. In addition to the 
MTL dysfunction associated with AD, an impairment of sustained auditory 
attention would have a further detrimental effect on verbal encoding. This 
finding is accompanied by an altered response in the left parahippocampal 
gyrus, possibly related to task engagement and effort.   
 
In patients with MCI, differences in performance-related encoding activity were 
evident within the parietal lobe. The retrosplenial cortex is closely connected to 
the hippocampi, but is itself affected early in the progression of AD (Minoshima 
et al., 1997; Nestor et al., 2003; Vann et al., 2009).  
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In this study, I have shown a reduction of activity in this region related to 
degree of cognitive impairment. More specifically, when looking at 
performance-related activity within groups, I have demonstrated that a loss of 
ability to maintain activity in the retrosplenial cortex is related to a reduction in 
encoding performance, most evident in MCI patients. It is possible that the 
early disease-related functional changes in the retrosplenial cortex (RSC) are 
associated with a reduction in its functional reserve, resulting in more variability 
in activity and ultimately a reduction in encoding performance.  
 
In contrast, there are reports of task-induced deactivations in the medial 
parietal lobe, correlating with successful task performance (Daselaar et al., 
2004; Miller et al., 2008). This is thought to be related to a reduction in the 
level of default mode processing during an active task situation, when cognitive 
resources must be diverted. However, in this study, the encoding trials did not 
have specific task demands, such as requiring an immediate decision or 
response. As such, despite the requirement to encode the sentence, the trials 
represented the more natural process of language comprehension and 
episodic encoding. Activity in retrosplenial cortex is therefore more closely 
related to the memory-related function of this region.  
 
In contrast to the RSC, there was an increase in activity in the angular gyrus in 
the disease groups. In controls, activity in angular gyrus was no greater than 
the baseline condition. However in MCI activity was significantly above 
baseline in successful encoding, but declined with less successful encoding. 
One function of the left inferior parietal lobule is in verbal working memory 
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(Binder et al., 2009), and the performance effect seen in this region in MCI 
may be a consequence of a greater reliance on loading verbal working 
memory in patients with impaired episodic memory function. Indeed, in AD, 
where the MTL systems were more affected and when loading of verbal 
information into working memory might be a compensatory strategy, activity 
was above baseline in both sentences that were successfully and less-
successfully remembered, although there was a fall in activity for those that 
were less successfully remembered.  
 
This study has therefore demonstrated the widespread changes in activity 
during verbal encoding that accompany these progressively dementing 
disorders. In addition to the effects on the MTL, there was involvement early in 
the course of cognitive impairment in the left medial and lateral parietal lobe, 
as demonstrated in patients with MCI.  
 
In patients with greater cognitive impairment and a diagnosis of AD, further 
neural changes were seen in the response of early auditory cortex, which I 
interpret as an indicator of impaired sustained auditory attention.  
 
5.6 Conclusions and future work 
In this chapter, I have demonstrated impairment of various cognitive systems 
during a verbal encoding task in patients with AD. First, I have shown reduced 
function in the medial temporal lobe and associated retrosplenial cortex. 
Second, I have shown reduced activity in regions related to motivation in 
patients with AD, indicating an increased level of apathy. Third, I have 
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demonstrated an impairment in the response of the auditory cortex in AD to 
encoding success, a marker of sustained auditory attention. Finally, I have 
shown performance-dependent changes in parietal lobes as an early sign of 
cognitive dysfunction associated with MCI patients. 
 
These results suggest widespread changes in function in patients with AD. In 
order to take this further, future studies should investigate the functional 
connectivity in large-scale networks in AD, relating the results the specific 
behavioural variables that I have outlined. In specific, networks involved in 
attention and frontal cognitive control (including motivation) should be 
investigated.  
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6. Retrieval of verbal memories in healthy controls: the effect 
of effort and performance 
 
Now I turn to the retrieval phase of the study. One of the objectives was to vary 
the effort required for retrieval, in order to match performance between healthy 
controls and patient groups. In this chapter, I discuss the retrieval activity in 
healthy subjects, including the effects of increasing retrieval effort and the 
neural correlates of retrieval success. In addition, I looked at common activity 
during encoding and retrieval, in order to define a set of core regions involved 
in verbal memory.  
 
6.1 Introduction 
 
An essential component of everyday conversational speech is access to 
declarative memories, both semantic and episodic. The most ecologically valid 
neuroimaging studies of speech production use designs that allow continuous 
unconstrained speech, usually using PET imaging (Blank et al., 2002; Spitsyna 
et al., 2006; Brownsett and Wise, 2009). Although these studies have largely 
focused on semantic processing during speech production, a similar approach 
has been used to study episodic memory, by investigating the spoken retrieval 
of autobiographical memories (Svoboda et al., 2006; Awad et al., 2007). This 
method of studying episodic memory is less constrained by task demands and 
therefore represents a more ecologically valid approach. A recent meta-
analysis of studies of autobiographical memory recollection identified a set of 
regions that were consistently activated in these types of study (Svoboda et al., 
2006). These so-called ‘core’ regions included the medial and ventrolateral 
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prefrontal cortices, the medial and lateral temporal cortices, the 
temporoparietal junction, the retrosplenial/posterior cingulate cortex, and the 
cerebellum. Activity was largely left-lateralised within cerebral cortex, but more 
bilateral in sub-cortical structures.  
 
There has been much interest in the role of the hippocampus during memory 
retrieval. This has originated from the inconsistency of reporting of 
hippocampal activity during the retrieval of autobiographical memories, leading 
to questions of whether consolidated memory retrieval is supported mainly by 
the hippocampus or the neocortex (Takashima et al., 2006; Awad et al., 2007). 
A second issue is that of the location of hippocampal activity during encoding 
versus that during retrieval and its implication for functional specialisation 
within the hippocampus. The suggestion has been of a rostrocaudal split in 
encoding and retrieval. A model of hippocampal function was proposed in 
1998, based on work on the rat hippocampus which shows a dorsal-ventral 
separation (which equates to an anterior-posterior separation in the primate) in 
terms of intra- and extra-hippocampal connectivity (Moser and Moser, 1998). 
The dorsal (or posterior) hippocampus was necessary for spatial learning, a 
function that could not be supported by the ventral (or anterior) section.  
 
Further evidence for this functional differentiation within the hippocampus is 
from non-human primate work (Colombo et al., 1998), where the posterior 
hippocampus again has been shown to be active in spatial memory tasks, 
contrasted to non-spatial memory tasks where the whole of the hippocampus 
was involved. The anterior hippocampus was also shown to display scalloping 
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activity, not present in the posterior section suggesting a functional separation.  
 
In humans, functional imaging has provided inconsistent results regarding a 
rostrocaudal functional separation. The HIPER (Hippocampal 
Encoding/Retrieval) model was proposed in 1998 (Lepage et al., 1998), which 
suggested that encoding is supported by the anterior hippocampus and 
retrieval by the posterior. This was based on a meta-analysis of the prior PET 
studies of memory encoding and retrieval reporting a functional split. This was 
further extended to include fMRI studies (Schacter and Wagner, 1999), where 
there was a lack of evidence for anterior MTL activity in encoding. It was 
suggested that methodological issues to do with fMRI signal dropout resulted 
in a more posterior distribution of MTL activity from fMRI data, compared to 
PET data, which show both anterior and posterior activity. To further 
complicate issues, a fMRI study designed to take into account signal dropout in 
the anterior MTL during encoding and retrieval of words and images, detected 
greater activity in middle and posterior hippocampus for both encoding and 
retrieval, despite correcting for measures of signal variation in susceptible 
regions (Greicius et al., 2003).  
 
Although there has been much focus on the hippocampal complex in relation 
to episodic memory dysfunction in AD, as it is involved early in the course of 
the disease (Braak and Braak, 1997), it is also important to investigate the 
neural correlates of retrieval success, as cortical regions more strongly 
activated during better performance may also be targets of disease-related 
processes. A set of episodic retrieval performance-related cortical regions 
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have been identified from previous studies largely using associative memory 
tasks, referred to as the retrieval success network (RSN). This comprises the 
medial prefrontal cortex, the posterior parietal cortex and the midline parietal 
region (including retrosplenial, posterior cingulate and precuneus cortices) 
(Wagner et al., 2005; Buckner et al., 2008). Indeed all of these parietal and 
frontal regions are locations of disease-related changes in AD, and hence the 
importance of defining performance-related activity during auditory verbal 
memory.  
 
6.2 Aims and Hypotheses 
 
1. In this study, I aimed to delineate neural activity relating to spoken 
verbal memory retrieval. This is specifically free, as opposed to 
recognition, memory recall.  
 
I expected this to involve neural systems associated with episodic memory 
retrieval and speech production, as well as support from frontal cognitive 
control systems during this free recall task. This investigation of verbal episodic 
memory only studied very recently encoded stimuli, and therefore did not 
address issues about consolidated remote memories.  
 
I expected to see activity in the hippocampus for retrieval, given that the task 
would involve retrieval of recently acquired factual information. The design of 
the study was specifically optimised to ensure maximal chances of detecting 
hippocampal activity. Specifically, this involved using a simple, repetitive 
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retrieval cue, to prevent implicit encoding of the cue that would result in 
encoding activity in the hippocampus during the retrieval task (Stark and 
Okado, 2003).  
 
In addition, the choice of a baseline that did not result in hippocampal activity 
was essential for a subtractive contrast analysis in fMRI (Stark and Squire, 
2001).  
 
2. Second, I aimed to establish the common cortical regions required for 
encoding and retrieval of heard verbal information.  
 
I expected these regions to be central to verbal declarative memory, and show 
evidence of reactivation of regions involved for encoding of a memory, during 
the retrieval of that memory. I expected these regions to involve activity related 
to both semantic and episodic memory processing.   
 
3. Third, I aimed to determine the cortical activity associated with 
increased retrieval effort.  
 
I expected this to involve a greater response from frontal regions involved in 
cognitive control.  
 
4. In addition, I aimed to look more specifically at the neural correlates of 
verbal memory retrieval success, in order to define key regions 
associated with performance. 
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There have been many studies on episodic memory recall of verbal 
material (usually single words), but the great majority have been on 
recognition memory. This involves, during the recall phase, the display of 
words which were previously encoded (‘old’ words) interleaved with ‘new’ 
words, not encountered at the encoding phase. The subjects’ successful 
performance is assessed in terms of both correct ‘hits’ and correct 
‘rejections’ (words correctly recognised as being on the previously encoded 
list or as being ‘new’) or ‘false alarms’ (words incorrectly assigned as being 
‘new’ or ‘old’). One recent study investigated single word recognition 
memory after variable retrieval delay (Huijbers et al., 2010), but as far as I 
am aware this is the first study of sentence level free recall after variable 
delay. The choice of such a task was to mirror most closely one of the 
prominent early symptoms of AD, namely the inability to recall what has just 
been said.     
 
 
6.3 Experimental procedures 
 
6.3.1 Participants 
These data were from the same cohort of subjects as for the study of encoding 
in healthy volunteers. Therefore the same 31 healthy, right-handed, native 
English speakers (12 males, mean age 53 years [range 22 - 78]), participated 
after giving informed, written consent.  
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Each participant had at least 24 hours to read the study information sheet 
before deciding to take part. Prior ethics approval was provided by the 
Hammersmith Hospital Research Ethics Committee. The study complied with 
the guidelines set out in the 1975 Helsinki Declaration of Human Rights. 
 
6.3.2 fMRI paradigm design 
Following an encoding trial, subjects were required to recall as much 
information as they could remember from the sentence during a retrieval trial. 
Retrieval trials consisted of 7s of free recall (Figure 6.1).  
 
 
Figure 6.1: Schematic of experimental design. 
 
The sequence of the three trial types is shown (Encoding, distractor and 
retrieval), along with the content on the visual display and the timings in 
seconds. Periods of 2s of data acquisition are indicated by the ‘scan’ blocks in 
this sparse fMRI design. 
 
Subjects first heard a single sentence, which they were required to remember 
for later recall (Encoding). This was followed by a distractor trial during which 
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subjects heard five single digit numbers in rapid succession (every 1.2s) and 
had to make a spoken odd or even decision for each number as they heard the 
number (Distractor). This was followed by spoken ‘free recall’ of the sentence 
(Retrieval). This sequence was repeated for each sentence.   
 
 
The visual cue to recall the sentence was the appearance of a question mark 
(‘?’) on the visual display. This same simple cue was used for every sentence, 
to prevent the implicit encoding of a retrieval cue masking retrieval-related 
activity in the MTL (Stark and Okado, 2003). Subjects were trained to recall the 
sentence only when the question mark was present on the screen and to stop 
speaking when it was replaced by a cross-hair. This was followed one second 
later by data acquisition, minimising speech-related movement artefact. As 
previously described, a number decision task (NT) separated encoding from 
retrieval, in which subjects heard single digit numbers in rapid succession 
(every 1.2 s) and had to make a spoken response following each number to 
indicate whether the number was odd or even. The number of NT trials was 
pseudo-randomly assigned as either zero, one or two. Specifically with regard 
to retrieval, this distractor task was designed to eliminate subvocal rehearsal of 
the sentence prior to recall. Increasing the number of NT would therefore 
increase the difficulty of the retrieval trial that followed.  
 
6.3.3 Effortful retrieval and performance 
In order to study the effects of increasing the effort of retrieval, a comparison of 
retrieval after more distraction with retrieval after less distraction was 
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performed. Following this, retrieval performance was investigated by 
separating retrieval trials into high success and low success trials. This was 
based on the percentage of content words retrieved from each sentence, 
relative to the individuals mean retrieval performance in the same way as has 
been previously described in the encoding success section (Chapter 3). 
Retrieval trials where performance was above the mean for the individual were 
assigned as high success trials and those that were below the mean 
performance were assigned as low success trials. Those at the mean ± one 
standard error were excluded in order to strengthen the performance 
separation between groups.  
 
6.4 Results 
 
6.4.1 Performance 
The mean percentage content retrieved across all retrieval trials was 
90.8±1.2%. Retrieval ‘misses’ (RM) were defined as retrieval trials in which no 
content relevant to the sentence was recalled and all other trials where at least 
some content was retrieved was assigned as retrieval ‘hits’ (RH).  
 
6.4.2 Activity during retrieval of verbal information 
The sentences used in this study were ‘semantically-rich’, in order to facilitate 
encoding and subsequent recall, resulting in a high percentage of retrieval hits. 
In these initial analyses, only retrieval hits were included and the number of 
content words retrieved in each trial was included as a covariate of no interest. 
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In order to initially visualise the activity relating to the spoken retrieval of verbal 
memory, the contrast of RH against NT was performed (Figure 6.2).   
 
 
 
Figure 6.2: Activity during retrieval of verbal information. 
 
Activity in the contrast of retrieval hits against the number distractor task 
overlaid on sagittal (top) and coronal (bottom) slices of a single subject MRI 
template. x- or y-co-ordinates are given below each slice. Activity is reported at 
a threshold of P< 0.05, FDR corrected. 
 
 
Spoken retrieval engaged a diffuse pattern of activity relating to retrieval of the 
verbal memory, language-related activity, frontal executive control, and 
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contributions of motor-sensory activity related to articulation. There was 
bilateral activity in the inferior frontal gyrus (L>R), the anterior temporal lobe, 
the anterior insula and the anterior cingulate gyrus. Left lateralised activity was 
observed in the posterior cingulate and the retrosplenial cortex. In the MTL, 
activity was present bilaterally in the amygdala and at the head of the 
hippocampus (peak voxel at y = -10). At the posterior extent, activity was 
present within the parahippocampal cortex, extending laterally into the fusiform 
gyrus.  
 
6.4.3 Common activity for encoding and retrieval of heard verbal information 
The second analysis performed was to define the cortical regions active during 
both verbal encoding and retrieval in order to highlight regions of common 
activity during both processes; activity central to verbal memory. Separate 
contrasts of encoding and RH each against NT, revealed a pattern of activity 
that was common to both contrasts in core language, memory-related and 
executive regions.   
 
To more clearly visualise these cortical regions, encoding and RH were 
separately contrasted with NT and voxels that were common to both contrasts 
at the same corrected threshold were determined (Figure 5.3). Activity was 
widely distributed in frontal, lateral temporal, limbic and parietal regions. Within 
the medial temporal lobes (MTL) activity was located in the anterior 
hippocampus bilaterally, running forward to the amygdala. Caudally, there was 
bilateral activity situated in parahippocampal and fusiform gyri. Along the 
cingulate cortex, activity was seen in both its anterior and posterior extent. 
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Within the posterior cingulate and retrosplenial cortex, activity was left-
lateralised, whereas anterior cingulate involvement was bilateral. 
 
 
Figure 6.3: Conjunction of activity in encoding and retrieval. 
 
Voxels active in the contrasts of both encoding against numbers and retrieval 
against numbers at the same threshold of P< 0.05, FDR corrected, overlaid on 
sagittal (top) and coronal (bottom) sections of a single-subject MRI template. 
The x- or y-co-ordinates are given under each slice in MNI space. The results 
are reported at P< 0.05, FDR corrected. 
 
 
In medial frontal regions, a left-lateralised pattern of activity was seen within 
the pre-SMA (supplementary motor area), running forward to the medial 
prefrontal cortex. Further frontal activity was located bilaterally in the head of 
the caudate nuclei (R>L), and the anterior ventral insular and orbitofrontal 
cortices. Activity was also observed in the left inferior frontal gyrus (Brodmann 
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area 45), the lateral anterior temporal lobe, and posterior superior temporal 
sulcus, which in previous studies has been related to language and semantic 
memory functions (Spitsyna et al., 2006). In addition, there was involvement 
bilaterally of the ventral angular gyrus (L>>R).  
 
6.4.4 Effortful retrieval of verbal information  
I next investigated the effect of increased effort of retrieval, which was 
achieved experimentally by increasing the period of distraction between 
encoding and retrieval. For this analysis, the retrieval trials were sorted 
according to the number of distractor trials that separated them from the 
encoding event. This created three subgroups: retrieval following no distractor 
trials (R0), one distractor trial (R1) and two distractor trials (R2). The mean 
percentage content retrieved in R0 trials was 95.3 ± 0.8%, in R1 trials was 87.3 
± 1.2%, and in R2 trials was 86.1 ± 1.3% (see Figure 6.4). A two-sample t-test 
confirmed a significant difference in content retrieved in R0 and either R1 (p < 
0.001) or R2 (p < 0.001) distractor trials. The difference between mean 
percentage content retrieved in R1 and R2 distractor trials was not significant 
(p = 0.102). Analyses of the effect of distraction on retrieval included a 
measure of performance for each retrieval trial as a regressor in the design 
matrix.  
 
The contrast of R2 with R0 displayed activity relating to effortful retrieval of 
verbal information (Figure 6.4). There was an extensive fronto-parietal network 
of activity. In the frontal lobe, this involved bilateral activity within medial 
structures including the SMA, pre-SMA, the medial prefrontal cortex, and the 
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dorsal anterior cingulate cortex. More laterally, there was bilateral activity 
observed in the insular cortex and medial planum temporale. Activity in the 
inferior frontal gyrus was also present (L>R). In the parietal lobe, there was 
left-lateralised activity demonstrated in the inferior parietal lobule.  
 
 
Figure 6.4: Activity associated with increased effort of retrieval. 
A: Graph showing the mean percentage of sentence content retrieved in 
retrieval trials following no number trials (R0), one number trial (R1) and two 
number trials (R2). (*P< 0.001, two sample t-test) 
B: Activity in the contrast of R2 > R0 rendered on the left and right surface of a 
standard MRI template brain. Dashed lines indicate location of the slices 
displayed in panel C. 
C: Activity in the contrast of R2 > R0 overlaid on coronal and axial slices of 
standard single-subject MRI template. The x- or z-co-ordinates are given below 
each slice. Activity is displayed at P< 0.01, FDR corrected. There is effort-
related activity in the dorsal anterior cingulate cortex (1), left and right lateral 
frontal pole (2), bilateral insular cortex (3), left inferior frontal gyrus (4), left 
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dorsolateral prefrontal cortex (5), bilateral posterior superior temporal gyrus (6) 
and left inferior parietal lobule (7).  
 
6.4.5 Performance-related differences in retrieval activity  
In these final analyses, retrieval hits were subdivided on the basis of retrieval 
performance, into high performance (HP) and low performance (LP) trials. The 
mean content retrieved in HP trials was 99.6 ± 0.5%, and in LP trials was 68.9 
± 4.3%. A two-sample t-test, assuming unequal variances, confirmed that 
these means were significantly different (t-stat 14.0, p < 0.001). Analyses of 
the activity relating to performance included a regressor in the design matrix 
for the number of distractor trials that preceded each retrieval trial. 
 
In order to determine the neural correlates of low success retrieval, the 
contrast of LP against HP retrieval was performed (Figure 6.5C). The pattern 
of activity here was, as expected, very similar to that seen in the analysis of 
effortful retrieval. However, additional activity was seen bilaterally in the mid-
parahippocampal gyrus and there appeared to be a greater extent of activity in 
the left inferior parietal lobule.  
 
The neural correlates of high success retrieval were defined with a contrast of 
HP against LP retrieval trials. There was bilateral activity within the 
retrosplenial cortex and a left-lateralised region of activity in the ventromedial 
PFC running into subgenual anterior cingulate.  
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Figure 6.5: Performance-related retrieval activity. 
 
A: the mean content retrieved in the high performance (HP) and low 
performance (LP) retrieval trials. (* P< 0.001, two sample t-test) 
 
B: Activity in the contrast of high performance retrieval against low 
performance retrieval overlaid on sagittal and coronal slices of a single-subject 
MRI template. Activity is displayed at P< 0.05, FDR corrected. The x- and y-co-
ordinates for each slice are shown under the slices. Activity relating to high 
performance retrieval is located in the retrosplenial cortex (1), and left 
ventromedial prefrontal cortex. 
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C: Activity in the contrast of low performance retrieval against high 
performance retrieval overlaid on coronal and sagittal sections of a single-
subject MRI template. Activity is displayed at P< 0.05, FDR corrected. The x- 
and y-co-ordinates for each slice are shown under the slices. Activity relating 
to low performance retrieval is seen in the dorsal anterior cingulate cortex (2), 
bilateral insular cortex and lateral frontal pole, bilateral ventrolateral prefrontal 
cortex, bilateral parahippocampus (3) and left inferior frontal lobule (4).  
 
D: Graphs showing mean effect size (± s.e.m.) in regions of interest from the 
above contrasts centred around voxels of peak activity. In red is activity from 
the contrast of high performance retrieval against the baseline number task 
and in blue is activity from the contrast of low performance retrieval against the 
number task.  
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6.5 Discussion 
 
In this study, I have highlighted the extensive cortical activity related to the 
spoken retrieval of verbal memories. More specifically, I report on three 
aspects of verbal memory retrieval (and specifically, this was free recall).  
 
First, I have identified activity common to encoding and retrieval of factual 
heard information, which includes regions associated with language 
processing, episodic memory and frontal cognitive control (Buckner et al., 
2005; Wagner et al., 2005; Awad et al., 2007; Seeley et al., 2007).  
 
Second, I have demonstrated extensive frontal and left lateral parietal activity 
relating to more effortful retrieval of verbal memories, associated with 
increased cognitive control and attention (Wagner et al., 2005; Seeley et al., 
2007).  
 
Third, I have more specifically looked at the neural correlates of retrieval 
success and demonstrated activity in the left and right parahippocampal cortex 
relating to low-success retrieval, in addition to the activity seen for effortful 
retrieval.  High success retrieval resulted in greater activity in retrosplenial 
cortex and ventral medial frontal activity.  
  
A component of the neural activity seen in retrieval trials was related to the 
control of propositional speech production. In comparison with my initial study 
of speech production (Chapter 3), in which the propositional speech production 
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task was to define simple nouns, similar activity was seen in lateral association 
cortices. Purely on observation, one of the striking differences between the 
contrast of either propositional speech against counting or against rest in the 
initial speech study, and spoken memory retrieval in this study was the lack of 
activity in the medial parietal cortex during defining nouns. By contrast, in this 
spoken memory retrieval study I observed left-lateralised posterior cingulate 
and retrosplenial activity, suggesting that this activity relates to verbal episodic 
memory retrieval rather than speech production alone. The common activity 
between encoding and retrieval again highlighted the medial parietal cortex 
and posterior parahippocampal gyrus as core components of the verbal 
memory system. Indeed, activity within the retrosplenial cortex was 
performance-dependent in the retrieval task, with higher activity associated 
with better retrieval performance; a similar profile of activity to that observed in 
patients with MCI and AD during the encoding task.  
 
Hippocampal activity was present during both encoding and retrieval, the 
common activity being located in the anterior hippocampus. Previous studies 
of spoken autobiographical memory retrieval have not consistently 
demonstrated hippocampal activity (Awad et al., 2007), perhaps as a 
consequence of the age of the memory and the quantity or detail of memories 
retrieved. It has been suggested that as a memory becomes more remote and 
consolidation occurs, its retrieval is more associated with neocortical than 
hippocampal activity (Takashima et al., 2006). Equally, the amount of detail 
retrieved is correlated with the amount of hippocampal activity (Svoboda et al., 
2006). In this study, the memories were very recent and so consolidation 
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would not have occurred and retrieval would be expected to be more reliant on 
hippocampal activity. In terms of location of hippocampal activity during 
encoding versus retrieval, the only activity in hippocampus proper was in the 
anterior hippocampus for both processes. However, the extent of MTL activity 
during encoding was much greater than retrieval. Activity was present in the 
posterior MTL for both encoding and retrieval, but this was located in the 
parahippocampal and fusiform gyri, and not the hippocampus. I have therefore 
not demonstrated a rostrocaudal split of encoding verses retrieval activity in 
verbal episodic memory.  
 
An important difference in the activity seen in encoding and retrieval, apart 
from motor activity related to articulation, was the engagement of frontal 
cognitive control systems, including bilateral frontal pole, dorsal anterior 
cingulate, pre-SMA, and bilateral anterior insular cortex during retrieval (Seeley 
et al., 2007). The striking effect of increasing effort of retrieval was the increase 
in activity in this diffuse frontal cognitive network. In addition, activity was seen 
in the inferior parietal lobule, a region that has been associated with episodic 
memory retrieval, perhaps in an attentional support role (Cabeza et al., 2008).  
 
I was particularly interested in increasing effort of retrieval, in order to attempt 
to mimic the increased effort, and its associated neural signature, encountered 
by patients with AD, while they attempted to perform the same memory 
retrieval task in the presence of pathology. One hypothesis was that, with 
widespread frontal and parietal cortical disease, patients with AD would not be 
able to mount the same compensatory response of their frontal executive 
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controls systems in the face of increased effort of retrieval, therefore worsening 
their memory performance.  
 
The analysis of the neural correlates of low retrieval performance 
demonstrated bilateral activity within the parahippocampus. It is likely that this 
activity was effort related, but it has been suggested that increased activity in 
the right parahippocampus during retrieval of verbal short-term memory in 
patients with AD was a compensatory response (Peters et al., 2009).  
 
My result shows that this activity may well be compensatory or effort related. 
However, poor matching of performance between patient and control groups 
allows the alternative explanation that the parahippocampal signal was related 
to another process associated with impaired success, such as greater intrusion 
of information from other remembered sentences (see Chapter 7). The healthy 
controls showed a similar increase in parahippocampal activity, distributed 
across both hemispheres, when retrieval was impaired, and therefore 
increased parahippocampal activity was clearly related to performance and not 
to the presence of pathology.  
 
In conclusion, this study in healthy controls has outlined a number of regions 
that are core to verbal memory, many of which are known to be affected by 
pathology in AD. In addition to this, I have demonstrated the dependence on 
fronto-parietal cognitive control systems during effortful retrieval; a process that 
if suboptimal in patients with AD, would further impair their retrieval 
performance abilities.  
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6.6 Conclusions and future work 
 
One of the most striking findings in this study was the extensive frontal activity 
associated with effortful retrieval of verbal memories. This result has 
implications for comparison with amnestic patient populations. Patients with 
AD are likely to find this sort of verbal memory task a lot more challenging than 
age-matched controls. It is therefore likely, that this effort-related activity would 
be increased in AD patients to compensate for this increased effort, in much 
the same way as it was in healthy controls when retrieval was made more 
effortful. 
 
The implication of this result is that careful matching of performance is 
essential in the comparison of patient and control groups in order to 
differentiate effort-related compensation form disease-related compensatory 
changes in neural activity.  
 
It would also be interesting to see whether the frontal executive systems react 
in the same way to increased effort of retrieval in patients as they do in healthy 
controls.  
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7. Verbal memory retrieval in patients with MCI and AD 
 
7.1 Introduction 
 
Episodic memory retrieval is known to be dependent on the medial temporal 
lobes (Squire, 1992) and the frontal lobes (Gershberg and Shimamura, 1995). 
It is well established that damage to either the hippocampal complex (Milner, 
2005), or the prefrontal cortex (Fletcher and Henson, 2001) will cause memory 
impairment.  More recently, there has been focus on parietal lobe contributions 
to episodic memory (Wagner et al., 2005; Cabeza et al., 2008). Early 
Alzheimer’s disease is associated with impairment of episodic memory 
associated with early pathological changes in the medial temporal lobes, and 
resultant neural damage and atrophy. There has therefore been a focus of 
previous research on the functional consequences of the early disease load on 
the MTL, with a consistent finding of reduced hippocampal and/or 
parahippocampal activity in AD, compared to controls (Small et al., 1999; 
Rombouts et al., 2000; Pariente et al., 2005; Remy et al., 2005; Celone et al., 
2006). There have been inconsistent reports regarding activity differences in 
neocortical regions associated with this reduction in MTL activity, with some 
reports of regional increases in frontal activity, often described as 
compensatory (Grady et al., 2003; Pariente et al., 2005).  
 
A recent meta-analysis of functional neuroimaging studies of memory in 
patients with Alzheimer’s has defined a set of regions that are more likely to 
show differences in activity, compared to control groups (Schwindt and Black, 
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2009). During recognition memory retrieval, using both verbal and visual 
stimuli, controls were more likely to show increased activity in bilateral 
rostrolateral and medial PFC, left superior parietal lobule, right precuneus, left 
STG, left amygdala, left parahippocampal gyrus and right insular cortex. 
Patients were more likely to show increased activity during retrieval in the right 
dorsolateral and bilateral ventrolateral PFC, the left precuneus, the left 
supramarginal gyrus and right thalamus, compared to controls. These 
complicated (and perhaps, seemingly rather random) findings were based on 
the results of a number of studies performed with PET or fMRI, mostly 
investigating visual or associative memory, such as faces, scenes or face-
name pairs (Schwindt and Black, 2009). 
 
Increased neural activity observed in AD patients may be a consequence of 
strategic differences in the way the task is performed between patients and 
controls, owing to the neural damage in important memory-related structures of 
the MTL in AD. Alternatively, it may be a consequence of alternative parts of 
cortex, which are taking on the function of the damaged structures.  In either of 
these scenarios, the increased activity may be regarded as compensatory. 
However, given that the increases in activity found in patients with AD are not 
consistently reported, it has been suggested that performance differences 
between patient and control groups may account for the differences in activity 
seen. Indeed, a study that included scores of subjective difficulty in the 
analysis of face-name pair associative memory tasks, showed that the 
inclusion of difficulty scores returned similar patterns of activity in both AD 
patients and controls (Golby et al., 2005). Therefore, task performance and 
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difficulty, which have not always been strictly controlled, may account for 
presumed ‘compensatory’ increases in activity in patients.  
 
MCI patients often have minimal MTL atrophy and are able to achieve a 
reasonable level of performance in studies of memory. Despite their mild 
memory impairment, performance matching with healthy controls is still an 
important issue.  
 
As I have previously discussed, the main functional neuroimaging differences 
between MCI patients and controls have been found in encoding paradigms, 
where an increase in hippocampal activity is associated with early MCI (Celone 
et al., 2006) and may represent an early compensatory response.  
 
Most previous studies of memory retrieval in patients with AD have used 
recognition memory study designs of visual stimuli. There are no studies of 
free recall of auditory verbal episodic memory in patients with AD, despite this 
being one of the first impairments noticed by patients and carers.  
 
The challenge of this study was to develop an ecologically valid design to 
study auditory verbal episodic memory, that was simple enough for patients to 
perform (Price and Friston, 1999) and that allowed for matching of 
performance between patient and control groups 
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7.2 Aims and hypotheses 
 
1. In this study, I aimed to compare neural activity during episodic memory 
retrieval in patients with AD and MCI with an age- and education-
matched control group.  
 
2. Another important consideration was matching of retrieval performance 
between groups, in order to more closely determine disease-related 
differences in neural activity without the confounding factor of 
performance-related differences. I hypothesised this would give a better 
understanding of brain regions that were either failing, or acting in a 
compensatory manner in patients with AD, compared to controls.  
 
3. Third, I aimed to investigate how retrieval performance-related neural 
responses differed in the patient groups compared to controls. This 
approach would allow the investigation of the hypothesis that there is 
impairment of this performance-related activity in patients with AD, 
adding to their MTL-related memory dysfunction.  
 
4. More specifically, I wanted to investigate the hypothesis that owing to 
the diffuse pattern of pathology in AD, there would be an attenuated 
response of frontal cognitive control systems; systems that have been 
shown to be more strongly activated in effortful retrieval of verbal 
memories in control subjects (Chapter 6).  
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I hypothesised that this impairment would further disrupt the retrieval abilities 
of patients, beyond the effects of damage to memory-related limbic systems 
alone.  
 
 
7.3 Experimental procedures 
 
7.3.1 Participants and fMRI paradigm design 
The groups were the same as those previously mentioned in the section on 
encoding in patients with MCI and AD. Patients were trained on the same fMRI 
study as was used to investigate verbal memory retrieval in healthy controls 
(Chapter 6).  
 
Training took place outside the scanner on a practice paradigm to ensure that 
they were able to perform the retrieval task and that they were confident about 
the procedure. Only subjects who were able to perform all aspects of the study 
design were included in the study.  
 
Patients with AD were less likely to remember sentences after longer periods 
of distraction. During the practice session, they were instructed to try to 
remember as much as they could during retrieval trials, even if this felt much 
harder in some trials, compared to others. The scanning was split into two 
sessions to prevent tiring, which would lead to a drop in co-operation and 
performance.   
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7.3.2 Performance matching 
In order directly to compare activity during retrieval, it was important to match 
the performance across groups. This would ensure that differences in the fMRI 
data between groups were not due simply to performance, but could be directly 
related to the effects of disease on distributed cortical function during verbal 
memory processing (Price and Friston, 1999). This was achieved by having a 
group of retrieval trials that followed two number trials, a group that followed 
one number trial and a group that did not have any number trials separating 
encoding and retrieval.  
 
As I have previously shown, introducing distraction between encoding and 
retrieval resulted in a reduction in retrieval performance. The intention was that 
retrieval trials following more distraction from the control group would be 
compared to retrieval trials following less distraction in the patient groups.  
 
 
7.4 Results 
 
7.4.1 Retrieval performance 
As before, each retrieval trial was scored according to the percentage of 
content words retrieved. Table 1 demonstrates the mean performance in 
retrieval trials, which have been separated according to the number of NT trials 
between encoding and retrieval.  
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Mean Percentage Content Retrieved (± s.e.m.)  
Controls MCI AD 
R0 96.2±1.1 91.2±2.0 66.3±4.2 
R1 89.4±1.8 76.8±3.6 54.3±3.5 
R2 86.7±2.0 74.9±3.5 48.7±3.4 
R1+2* 72.8±1.5 - - 
 
Table 7.1: Retrieval performance  
 
Spoken responses were scored for the percentage of content words correctly 
recalled. The mean percentage performance across sentences in each group 
(±s.e.m.) is shown.  Retrieval hits were separated according to the number of 
distracted trials that they followed. There were 3 groups, trials that followed two 
distractor trials (R2), trials that followed one distractor trial (R1) and trials that 
followed no distractor trials (R0). A fourth category was created for healthy 
controls to more closely match performance between patient and control 
groups. These were retrieval trials after either one or two distractor trials, 
excluding those trials where performance was 100% (R1+2*).  
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Figure 7.1: Retrieval performance. 
 
Bar chart of mean percentage content retrieved per sentence for controls 
(blue), MCI (green) and AD (red). Retrieval hits were split into those that 
followed two distractor trials (R2), one distractor trial (R1) and those that had 
no distractor trials immediately preceding retrieval (R0). An extra subgroup 
was created for the control group consisting of retrieval hits after one or two 
distractor trials, but excluding trials where 100% accuracy was achieved. The 
performance-matched comparisons were as follows: Control R1+2* with AD 
R0, MCI R2 with AD R0, and Control R2 with MCI R1. 
 
After two distractor trials, the performance in the control group dropped to 
86.7±2.0%. The highest performance in the AD group was 66.3±4.2%. It was 
therefore not possible to match performance separating the trials in this 
manner. In the control group, it was noted that there was no significant 
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difference between the retrieval performance after one distractor trial from that 
after two distractor trials (p < 0.01, two sample t-test).  
 
Furthermore, it was apparent that the control group had many more trials in 
which 100% of the content was retrieved, compared to either of the patient 
groups, in which there were hardly any trials where 100% of the content was 
retrieved. A separate grouping of trials was therefore created for the control 
group that consisted of retrieval trials that either followed one or two distractor 
trials, but excluded all retrieval trials where 100% of the content words had 
been recalled (labelled as ‘R1+2*’). Both trials from R1 and R2 were included 
in this group given that there was no significant mean performance difference, 
and in order to increase the number of trials in this separate group, as many 
were to be excluded (those in which performance was 100%). The resulting 
performance for this new category (R1+2*) was 72.8±1.5% 
 
The performance data are more clearly illustrated in Figure 7.1. The 
performance-matched comparisons were as follows: Control R1+2* with AD 
R0, MCI R2 with AD R0, and Control R2 with MCI R1. These pairings were 
chosen because they were closest to each other in performance. 
 
       
7.4.2 Activity during retrieval in the patient and control groups 
The first stage of the imaging analysis involved visual inspection of the 
differences in retrieval activity between patient and control groups (Figure 7.2), 
with the contrast of retrieval hits with NT.  
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Figure 7.2: Retrieval activity in each group. 
 
Activity in the contrast of retrieval hits against baseline number decision task, 
separately for each group [Controls in blue (top), MCI in green (middle), AD in 
red (bottom)], overlaid on sagittal and coronal sections of a single-subject MRI 
template.  
 
The x- or y-co-ordinates are shown at the bottom of the slices. All results are 
reported at P< 0.05, cluster corrected.  The same slices have been chosen for 
each group in order to allow visual inspection of the differences in activity.  
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The activity during retrieval in healthy controls has been discussed in the 
previous chapter. In patients with MCI, there was broadly the same pattern of 
activity as controls. A notable difference compared to the control group was 
less activity in the parietal lobe, both medial and lateral.  
 
In the AD group, there was an absence of activity above threshold in the 
parietal lobes, as well as a reduction in activity in the temporal lobes, both 
lateral and medial. There also appeared to be far less activity in the frontal 
lobe, compared to controls.  
 
 
7.4.3 Differences in activity in MCI and AD groups compared to controls 
 
To formally assess the differences between the control and patient groups, 
statistical comparisons of the second level activity were performed. In order to 
assess differences in activity as a result of disease processes rather than 
performance differences, all between-group comparisons were performance-
matched (Figure 7.3).  
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Figure 7.3: Performance-matched comparisons of retrieval activity 
between groups. 
 
The contrast of retrieval hits against baseline number decision task was 
compared between groups, ensuring performance matching in each 
comparison. The resulting differences in activity were overlaid on coronal and 
sagittal sections of a single-subject MRI template. The comparisons shown are 
control > AD (top, blue), MCI > AD (middle, green) and control > MCI (bottom, 
blue). The x- or y-co-ordinates are given below each slice. There were no 
significant differences in the retrieval performance of any of the comparisons 
performed. Activity is reported at P< 0.05, cluster corrected.  
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Controls and AD 
The first performance matched comparison was of controls (R1+2*) > AD 
(RH0). This demonstrated greater activity in controls within frontal cognitive 
control systems involving the dorsal anterior cingulate, medial prefrontal and 
left and right anterior insular cortices. Laterally, there was greater activity in 
controls in left and right anterior STG and IFG (BA 44) running into dorsal 
lateral premotor cortex. On the right, there was also a region of greater activity 
in the dorsolateral PFC, and in the parahippocampal gyrus extending from mid-
MTL to its posterior extent. On the left, there was additional activity seen in the 
left planum temporale, both medial and lateral, running back into 
supramarginal gyrus.  
 
There was also activity located in the brainstem, a structure that experiences 
cyclical movement secondary to cardiac and respiratory cycles. In this study 
there was no measurement of these physiological variables and therefore 
activity in this region is of uncertain significance. The opposite comparison of 
AD > controls did not show any significant activity. 
 
MCI and AD 
In the comparison of MCI (RH2) > AD (RH0), the pattern of activity was very 
similar to that identified in the comparison of controls > AD. There was activity 
within the anterior cingulate, running from the dorsal to subgenual extent. 
There was bilateral involvement of the insular cortex and caudate nucleus. 
Laterally, there was involvement of both left and right anterior STG and left IFG 
(BA 44).  
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There was bilateral involvement of the parahippocampal cortex posteriorly. The 
opposite comparison of AD > MCI did not show any significant activity. 
 
Control and MCI 
The next comparison was of controls (RH1+2*) > MCI (RH1). There was 
greater activity in the left IFG, left anterior STG and involvement of the left 
anterior insular cortex.  
 
On the right, there was greater activity in the mid lateral temporal lobe running 
from the STG to the MTG. The opposite comparison of MCI > Controls did not 
show any significant activity.  
 
 
7.4.4 Differences in retrieval success-related activity 
The next analysis was designed to investigate the differences in performance-
related cortical responses between patient and control groups. The retrieval 
trials were separated into high and low success retrieval as has previously 
been described. The contrast of high and low success retrieval was then 
compared across groups (Figure 7.4).  
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Figure 7.4: Performance-related differences in neural activity between 
controls and AD patients. 
 
The contrast of high success retrieval and low success retrieval were 
compared between AD and controls. The differences in performance-related 
responses are overlaid on sagittal and coronal slices of a single-subject MRI 
template. The x- or y-co-ordinates are displayed below each slice. The 
analysis is displayed at P<0.05, cluster corrected.  
 
The graphs display the mean effect size of activity from regions of interest, 
centred around voxels of peak difference. Data are displayed for the high and 
low success trials, each contrasting separately with the number decision 
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baseline (controls – blue; MCI – green; AD – red: darker shades are for high 
success trials and lighter shades are for low success trials). The regions of 
difference include the left inferior frontal gyrus (1 – ROI located in pars 
triangularis), the dorsal anterior cingulate cortex (2), bilateral insular cortex (3) 
and the left inferior parietal lobule (4).  
 
 
First, the comparison of patients with AD and controls demonstrated many 
regions with a significantly different performance-related cortical response. 
These included the left inferior frontal gyrus, extending to the left dorsolateral 
prefrontal cortex dorsally and the left STG ventrally.  
 
In addition, differences were located in the left mid STS, the left inferior parietal 
lobule, the anterior cingulate and bilateral anterior insular cortex. Plots of 
activity centred around voxels of peak difference, demonstrated that in the 
control group, there was an increase in response during retrieval trials that 
were less successful, compared to those sentences more successfully 
recalled, in the dorsal anterior cingulate, bilateral anterior insular cortex, left 
inferior frontal gyrus and left inferior parietal lobule.  
 
In MCI patients, although there was a small increase in activity in the less well 
remembered sentences in these regions, it was not significantly different from 
those that were well remembered. In contrast, patients with AD showed no 
increase in activity in these regions associated with a fall in performance.  
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Figure 7.5: Performance-related differences in neural activity between 
controls and MCI patients. 
 
The contrast of high success retrieval and low success retrieval were 
compared between AD and controls. The differences in performance-related 
responses are overlaid on coronal slices of a single-subject MRI template. The 
x- or y-co-ordinates are displayed below each slice. The analysis is displayed 
at P<0.05, cluster corrected.  
 
The graphs display the mean effect size of activity from regions of interest, 
centred around voxels of peak difference. Data are displayed for the high and 
low success trials, each contrasted separately with the number decision 
baseline (controls – blue; MCI – green; AD – red: darker shades are for high 
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success trials and lighter shades are for low success trials). The regions of 
difference include left and right lateral prefrontal cortex (1) and right 
hippocampus (2).  
 
 
The comparison of performance-related differences in activity between MCI 
and control groups revealed differences in left and right lateral prefrontal cortex 
and the right hippocampus (Figure 7.5). Plots of activity centred around the 
voxels of peak difference demonstrated an increase in activity in the left lateral 
prefrontal cortex for less well remembered sentences, with no significant 
performance-related response in the MCI or AD patients, consistent with that 
seen in the IFG in the comparison of controls and AD patients.  
 
In the right hippocampus, there was no difference in the mean activity in 
controls in high and low success retrieval, but low success activity appeared to 
be much more variable.  
 
In patients with MCI, the activity in the right hippocampus was less during low 
success sentence retrieval, compared to high success retrieval. Patients with 
AD had lower activity in the hippocampus during retrieval than controls, but 
showed no performance-related change in activity in this region.  
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7.5 Discussion 
 
In this study, I have demonstrated differences in neural activity associated with 
the spoken retrieval of verbal memories between patients with AD and MCI, 
and healthy controls. I have investigated both the differences in activity when 
performance was the same between groups, and the differences in the 
performance-related neural responses between groups.  
 
The main differences seen between patients and controls were located in 
frontal cognitive control systems. In the comparison of performance-matched 
retrieval, the main differences were seen within the dorsal anterior cingulate, 
medial prefrontal and bilateral anterior insular cortex. These regions form one 
of the frontal cognitive control systems (Seeley et al., 2007), similar to the 
activity seen in effortful and low performance retrieval of verbal memory in 
healthy controls (Chapter 6). There was greater activity in this frontal system in 
controls and MCI patients, compared to AD patients, despite the same level of 
performance. There was also evidence of greater activity within the anterior 
insular cortex in the comparison of controls > MCI. The implication of this result 
is that despite the same level of performance during this free recall task, 
controls have a greater response of their frontal executive control systems, 
indicating a possible dysfunction of this response in patients with AD, and to a 
lesser extent MCI.  
 
Further evidence for dysfunction of executive control systems in AD is 
demonstrated in the analysis of performance-related responses. I have 
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previously demonstrated an increase in activity in the frontal cognitive control 
network during low-performance retrieval trials in controls (Chapter 6). In 
patients with AD however, there was no significant change in the response of 
these regions associated with performance differences. In the MCI group, the 
same trend was present as in the control group, but with less significant 
differences. Taken together, these results indicate a reduction in the response 
of frontal cognitive control systems in AD; the performance-matched 
comparison suggests that this is likely to relate to disease-related changes, 
rather than task performance. However, lack of response of these cortical 
regions to a reduction in retrieval performance indicates that not only is this 
system attenuated in AD, but it is also less responsive to changes in task 
difficulty.  
 
A dysfunction of frontal executive control in patients with AD has been 
previously demonstrated through neuropsychometric assessment (Chen et al., 
2009). Furthermore, an impairment of the ability to perform tasks that require 
the ability to multitask in AD, has been shown to correlate with a reduction in 
voluntary goal-directed behaviours (Esposito et al., 2010). In patients with MCI, 
an impairment of executive function has also been suggested from results of 
patients who underwent extensive neuropsychological testing. A reduction in 
executive function was correlated to a reduction in tests of verbal memory, 
suggesting either a link between these two systems or co-occurrence of 
dysfunction in executive function and memory in MCI (Chang et al., 2010). The 
findings in this study, show that the functioning of the frontal control system are 
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both involved in episodic recall and responsive to performance changes, but 
dysfunction of these systems is associated with lower task performance. 
 
A second difference between the patient and control groups was the activity 
within the posterior parahippocampal cortex. Controls showed greater activity 
within the right parahippocampal cortex than in AD patients, while MCI patients 
showed greater activity bilaterally in the parahippocampal cortex than AD 
patients. Both of these findings were despite performance matching. Previous 
studies have reported an increase in activity in the parahippocampus of 
patients with AD and MCI during retrieval tasks compared to controls 
(Dickerson et al., 2004; Peters et al., 2009). This finding has been interpreted 
as compensatory, owing to the damage in the neighbouring hippocampus. The 
results of this study suggest the opposite, with activity in the parahippocampal 
cortex of patients with AD being below that of both controls and patients with 
MCI. I had previously shown the increase in activity in the right 
parahippocampal cortex associated with low performance retrieval in controls 
(Chapter 6).  
 
In this study, an attempt was made to very closely match performance 
between groups that were being compared. This stringent approach is likely to 
account for the differences in parahippocampal activity demonstrated in this 
compared to previous studies. In controls, this part of cortex is more active in 
sentences that were less well recalled, suggesting that it may play a role in 
memory search during free recall, with greater activity being associated with 
increased difficulty of recall. Indeed, activity in the parahippocampal gyrus has 
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been associated with recall of items that are not the current focus of attention, 
hence increased activity being associated with higher retrieval demands (Nee 
and Jonides, 2008). Closely matching performance is therefore more likely to 
display any regions of ‘cognitive compensation’.    
 
Analysis of the performance-related activity differences between groups also 
highlighted the lateral frontal lobes and the left inferior parietal lobule as 
regions that showed increased responsiveness to less well remembered 
sentences in controls, but failed to show the same response in patients with 
AD. The lateral prefrontal regions are associated with executive control 
systems (Seeley et al., 2007), as are the lateral parietal lobes.  
 
There has been much focus on the role of the inferior parietal lobule in 
episodic memory retrieval (Wagner et al., 2005; Cabeza et al., 2008). I have 
shown that this region was associated with performance and increased 
retrieval effort, but that this effect was not present in patients with AD, perhaps 
owing to the volume of pathology in the parietal lobes in this disease. It has 
been argued that the inferior parietal lobule acts in a bottom-up attentional-
support role during episodic memory retrieval (Cabeza et al., 2008), focusing 
attention on input from the MTL and other sources to support retrieval. Indeed, 
isolated lesions in this region have been shown to produce subtle impairments 
of episodic memory (Berryhill et al., 2007).  
 
I have previously shown that the retrosplenial cortex is responsive to retrieval 
success (Chapter 6). One of the main differences in the visual inspection of 
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retrieval activity in each group was a lack of medial parietal lobe activity in 
patients with AD compared to controls. However, when statistical comparisons 
were performed, this difference was not evident. It is likely that the lack of 
parietal activity in patients with AD correlated to the reduced overall 
performance, and therefore when performance-matched comparisons were 
performed, there was no apparent difference.  
 
In summary, this study has demonstrated the reliance on fronto-parietal 
cognitive systems associated with executive control and attentional support 
during the free recall of verbal episodic memories. Patients with AD showed a 
reduced response of these systems, both in performance-matched 
comparisons and when investigating performance-related responses. Given 
the widespread frontal and parietal pathology associated with AD, and 
previous reports of impaired attention and executive function in this patient 
group (Perry and Hodges, 1999), it is consistent that these systems will be 
affected. Further, this study has demonstrated the impact of this fronto-parietal 
dysfunction on episodic memory retrieval in AD. It is therefore evident, that 
there are many factors that result in the impairment of memory retrieval in AD, 
from the damage to the medial temporal lobes to the pathology within the 
frontal and parietal lobes.  
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7.6 Conclusions and Future Directions 
The demonstration that fronto-parietal cognitive control and attentional support 
systems are affected early in the course of Alzheimer’s disease has 
implications for future studies as well as the management of patients. The 
most common form of memory-enhancing medication prescribed for patients 
with AD are central cholinesterase inhibitor drugs, such as donepezil. These 
drugs act by increasing the available acetylcholine at neural synapses to 
enhance cognitive function.  
 
Anecdotally, it is evident that carers of patients often report an increase in 
attention and the ability to multitask when patients start these medications, in 
addition to the well-reported moderate benefits to memory function (Birks, 
2006). A hypothesis would be that these cognitive-enhancing drugs have 
beneficial effects on the function of these fronto-parietal cognitive systems that 
support both memory, as well as other cognitive domains.  
 
My future plans are to extend this study to look at the effects of donepezil in a 
longitudinal design, following patients before and after initiation of the 
medication using the same study design as this current study.  
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8. Discussion 
 
 
8.1 Summary of findings 
In this thesis, I have investigated the neural activity associated with auditory 
verbal memory encoding and retrieval. Activity in healthy volunteers was 
compared to that of patients AD to delineate changes in the neural response 
that accompany the progressive impairment of verbal memory in AD. A group 
of patients with MCI were also studied in order to determine the earliest 
changes associated with verbal memory decline.  
 
The first stage of this work involved a fMRI study of overt speech production 
(Chapter 3). In this study, I demonstrated the feasibility of incorporating a 
speech production task into an event-related fMRI study, using sparse 
temporal sampling to minimise the effects of movement-related artefact. The 
results demonstrated the expected neural response associated with a 
propositional speech task. Furthermore, I used the opportunity to study the 
perceptual feedback mechanisms related to speech production, leading to the 
demonstration of the integration of auditory and somatosensory feedback in 
the planum temporale, and suppression of activity in secondary 
somatosensory cortex associated with fluent propositional speech.  
 
The main study reported in this thesis was of the investigation of auditory 
verbal memory in healthy controls, patients with MCI and patients with AD. I 
first demonstrated the neural activity associated with verbal memory encoding 
in healthy controls. Differences in encoding success (as judged by the 
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subsequent sentence retrieval performance) were associated with fluctuations 
in sustained auditory attention. By investigating encoding performance-related 
differences in activity, I showed that sentences that were less well 
remembered were associated with greater activity in primary auditory cortex 
and less activity in regions associated with semantic processing during 
encoding.  
 
The comparison of encoding activity in healthy controls with AD patients and 
MCI patients revealed differences in activity in the MTL consistent with 
previous reports. The main differences in neural activity between AD and either 
MCI or controls was reduced activity in frontal cortical regions associated with 
motivation. Investigating the performance-related encoding activity in patients 
and controls demonstrated that the suppression of activity in primary auditory 
cortex associated with successful encoding in healthy controls was present in 
patients with MCI, but was absent in AD. This led to speculation that owing to 
widespread pathology in AD, there was an impairment of sustained auditory 
attention, which in addition to the limbic damage would exacerbate their 
impairment of verbal episodic memory. By contrast, MCI patients showed 
differences in the performance-related response compared to controls in the 
parietal lobe, both medial and lateral, highlighting this regions involvement in 
early changes associated with episodic memory impairment.  
 
Next, I investigated the neural activity associated with the retrieval of heard 
verbal memories. In addition to delineating neural activity associated with 
verbal memory retrieval in healthy controls, I demonstrated widespread overlap 
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between regions of neural activity during encoding and retrieval. An analysis of 
effortful retrieval identified an extensive fronto-parietal pattern of activity that 
was more active during low-performance effortful retrieval. Higher performance 
retrieval was associated with activity in midline frontal and parietal lobes.  
 
The comparison of retrieval activity in patients with AD and controls 
demonstrated greater activity in frontal cognitive control networks in controls, 
despite performance matching. The comparison of performance-related 
responses also showed a blunted response in frontal cognitive control 
networks in AD and MCI compared to controls.  
 
8.2 Dysfunction of supporting cognitive domains in AD 
Taken together, these findings suggest that impairments in verbal memory 
encoding and retrieval in patients are secondary, not only to the expected MTL 
dysfunction, but also to impairment of many supporting cognitive processes. I 
shall now consider each of these impairments separately. 
 
8.2.1 Ventral frontal activity 
Group differences were demonstrated in the ventral frontal regions associated 
with frontal executive control and motivation. Activity within these regions was 
greater in both controls and MCI patients, compared to AD during the encoding 
task. This analysis was based on all encoding trials, regardless of their 
associated retrieval performance. As AD patients performed worse overall on 
retrieval than controls and MCI patients, this result demonstrates an 
association between reduced activity in these regions and worse performance.  
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8.2.2 Auditory attention 
The second region that showed a different response in patients with AD was 
related to the response of primary auditory cortex during encoding of 
sentences. I had shown a suppression of activity in this region during encoding 
of sentences that were subsequently more successfully remembered in healthy 
subjects. The differences in encoding success were related to the depth of 
semantic processing, which in turn was a consequence of the ability to 
maintain sustained auditory attention over the duration of the sentence. 
Patients with MCI demonstrated the same response in auditory cortex to 
encoding success, but patients with AD did not shown this same performance-
related modulation of activity in early perceptual cortex. The implication of this 
result is an impairment of sustained auditory attention in patients with AD.  
 
8.2.3 Frontal executive control 
In the analysis of retrieval in healthy volunteers, the importance of frontal 
executive control was shown with the demonstration of greater supporting 
activity in these regions during more effortful retrieval. The performance-
matched comparisons of AD and controls or MCI patients revealed less activity 
in these regions in AD, and the analysis of differences in the performance-
related response during retrieval highlighted the blunted response to effortful 
retrieval in patients with AD, and to a lesser degree in patients with MCI. 
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8.3 Early neuroimaging indicators of verbal memory decline 
 
The results of patients with MCI provided insight into early changes in neural 
activity associated with verbal memory impairment.  
 
8.3.1 Increased MTL activity 
During encoding, there was greater MTL activity in patients with MCI, 
compared to both healthy control subjects and to AD patients. This increase in 
both magnitude and extent of MTL activity was despite a reduction in encoding 
success compared to healthy control subjects. This finding accords with 
previous reports of increased MTL activity in MCI using different memory tasks 
(Dickerson et al., 2005; Celone et al., 2006). It has previously been suggested 
that this increase in limbic activity is a compensatory mechanism.  I would 
suggest that alternatively, it is possible that the increase in the magnitude of 
activity indicates greater, but less efficient neuronal function in this region.  
 
8.3.2 Parietal lobe activity 
Another early change seen in patients with MCI was a different performance-
related response during encoding within the medial and left ventral lateral 
parietal lobe. Reduced activity in these regions was related to a reduction in 
encoding success in contrast to the control group, in which these regions did 
not display a performance-related response. Furthermore, although the AD 
group did display a similar trend of a reduction in activity being related to worse 
encoding performance, the difference was not as pronounced in the AD group 
as was observed in the MCI group. This may suggest that in MCI there is a 
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greater reliance on activity within these cortical regions to maintain encoding 
performance. Given the early functional changes, as has been demonstrated 
by a reduction in glucose metabolism (Nestor et al., 2003) in the retrosplenial 
cortex in MCI, it is probable that the altered response of the medial parietal 
lobe that I have demonstrated is associated with early pathological changes.  
 
8.4 Future directions 
This study investigating verbal memory in healthy control subjects and in 
patients with MCI and with AD has revealed several differences in activity 
between groups. During encoding, the finding that the performance-related 
response within early auditory cortex was altered in patients with AD compared 
to either controls or MCI patients suggests deterioration in sustained auditory 
attention in patients with AD. It would be interesting to investigate this further in 
patients, using a functional imaging design that more directly studied sustained 
auditory attention, perhaps with an oddball design, such as those used in 
studies of sustained visual attention (Singh-Curry and Husain, 2009). In 
addition, in order to determine whether the impairment of auditory sustained 
attention is related to early perceptual impairments in AD, or to impairments 
within the higher-level attentional system itself, a further study of auditory 
perception in AD would be required, for instance using clear speech compared 
to degraded speech. 
 
The results from the free recall task demonstrated reduced activity within 
widespread cognitive control networks in AD. It would be interesting to take 
this finding further, by investigating the response within these systems after the 
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initiation of central cholinesterase inhibitor drugs. This would be done using the 
same study design, but scanning the same AD patients before and after 
initiation of therapy. This could also be done with other therapeutic 
interventions, such as amyloid clearance techniques, to assess whether the 
reduction in amyloid load is associated with any objective changes in the 
neural response.  
 
8.5 Conclusions 
Overall, this PhD has allowed me to gain expertise in designing, performing 
and analysing a functional MRI study. It has also allowed me to work closely 
with patients with cognitive deficits and to understand the difficulties in studying 
this type of patient group. The findings from this study indicate that patients 
with mild AD have deficits in multiple cognitive systems that support episodic 
memory. Therefore, the classical focus on hippocampal damage in AD cannot 
fully explain the associated impairment in memory. 
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